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ABSTRACT

Wang, Lili. Ph.D., Purdue University, May 2016. Climate Change Impacts on Soil
Erosion and Nutrient Losses in the Great Lakes Region. Major Professor: Keith A.
Cherkauer.
Pollutants from non-point sources (NPS) have become the primary reason for water quality
degradation in the Great Lakes region after great progress has been made in reducing point
source pollution through the enforcement of total maximum daily loads (TMDL). Climate
change may impact NPS pollutant transportation processes through influencing runoff
generation, soil hydrological conditions, and evapotranspiration with changes to
precipitation quantity, intensity, frequency, and to air temperature. As there have been few
studies focused on future climate change impacts on the NPS pollutants in the Great Lakes
region, this study was conducted to fill a gap in our knowledge by exploring how changes
in regional climate may impact sediment, nitrogen, and phosphorus losses by the end of
21st century. A macroscale soil erosion model (a coupling of the Variable Infiltration
Capacity model and the Water Erosion Prediction Project model, the VIC-WEPP model)
was applied to three states in the Great Lakes region: Michigan, Wisconsin and Minnesota
under three climate change scenarios (A2, A1B, and B1). Over three future periods (2030s,
2060s, and 2090s), predicted annual soil loss decreased by 0.4 to 1.8 ton ha-1 with soil loss
increases in the northern and central study domain due to precipitation increases and soil
loss decreases in the southern study domain as a result of air temperature increases.

xiv
Seasonally, soil loss was projected to decrease by 0.3 to 1.1 ton ha-1 in summer due to
decreasing precipitation and increase in fall and winter by 0.9 to 2.0 ton ha-1 as a result of
increasing precipitation. In the second part of this project, a new coupled soil erosion and
water quality model, the WEPP-WQ model, was developed to address deficiencies in
existing water quality models that rely on the empirical soil erosion model (Universal Soil
Loss Equation model, USLE) and its derivatives. The new coupled model was evaluated
for several point sites using both simulated single event storms, and continuous multi-year
observations. The model performed quite well in simulating nutrient losses for single
storm events with that R2 is higher than 0.8, Nash-Sutcliffe efficiency (NSE) is higher than
0.65, and percent bias (PBIAS) is less than 31% for runoff, sediment loss, nitrate nitrogen
loss, total nitrogen loss, soluble phosphorus loss, total phosphorus loss. In predicting time
series nutrient loss, WEPP-WQ model could simulated nitrate nitrogen decently with the
ratio of the root mean square error to the standard deviation of measured data (RSR) higher
than 0.65, NSE higher than 0.51, and PBIAS greater than -35%. The calibrated model was
then applied to watersheds in the Great Lakes region, and used to quantify changes in
nutrient losses under the same future climate scenarios used to evaluate soil losses. Due to
the increase of precipitation quantity and intensity and frequency of extreme storm events,
total phosphorus loss was projected to increase by 28% to 72% for the Green Lake
watershed and 31% to 108% for the Walworth watershed in the future periods. Nitratenitrogen losses were projected to increase by 5% to 38% for the Green Lake watershed and
8% to 95% for the Walworth watershed as a combined result of increase in precipitation
quantity and intensity and frequency of extreme storm events, with the major influencing
factors being different in each future period.
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CHAPTER 1. INTRODUCTION

1.1 Background
Water quality is of critical importance for the Great Lakes as they support millions
of residents in the surrounding regions. However, the lakes have suffered water quality
degradation of different extents resulting in algal blooms and disease outbreaks (Watson et
al., 2008; Michalak et al., 2013; Seilheimer et al., 2013). Mean total phosphorus (TP)
concentrations of many of the gauged tributaries exceed the accepted maximum standard
of 0.1 mg/L (Seilheimer et al., 2013; USEPA, 2011), and cladophora algae routinely
reaches nuisance levels in the near shore zones of the lakes. Among the five Great Lakes,
Lake Erie has the most severe eutrophication problem resulting from Phosphorus (P)
loadings. In the middle 1990s, it experienced significant eutrophication problems
accompanied by surface blooms of cyanobacteria that resulted in poor water clarity and
extensive hypoxic areas. Phosphorous loadings to the Lake Erie (specifically P from point
sources) declined substantially due to water quality conservation measures (Michalak et al.,
2013). However, by the end of the 1990s algal blooms returned, this time dominated by
Microcystis aeruginosa (non-nitrogen fixer), which makes water toxic to humans and other
organisms (Chaffin et al., 2011; Michalak et al., 2013). After 2000, algal blooms have
occurred every year and reached the highest point in its recorded history (Michalak et al.,
2013). The central basin of Lake Erie is specifically threatened by hypoxic conditions,
accentuated with the presence of invasive mussel species and increased internal P loading.
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Western Lake Erie has been reported to have sporadic, episode-based outbreaks of high
toxin levels attributed to toxin-producing Microcystis blooms in inshore areas where
human exposure is most likely (Chaffin et al., 2011). The Microcystin toxin concentration
in the western basin has ranged from 0.1 µg/L to 8.7 µg/L (Michalak et al., 2013), which
exceeds the drinking water criteria of 1 µg/L from the World Health Organization
guidelines (WHO, 1998). Algal mats ranged in thickness from 0.2 to 1.2 m and it was
estimated that one 100-m stretch of shoreline along the southern shore was covered with
approximately 200 metric tons of Lyngbya wollei (Bridgeman and Penaman, 2010). Areas
of concern (AOCs) were designated by the binational Great Lakes Water Quality
Agreement (GLWQA) (Environment Canada Green Lane (EC-GL), 2004) across the Great
Lakes with more AOCs in Lakes Michigan, Erie and Ontario affected by eutrophication
than those of Lakes Superior and Huron (Watson et al., 2008).
Algal blooms, the major water quality issue resulting from water quality
degradation of the Great Lakes, are mainly caused by increased anthropogenic nutrient
inputs through agricultural and untreated industrial sewage (Auer et al., 2010; Watson et
al., 2008; Michalak et al., 2013). Pollutants such as phosphorus come to the Great Lakes
from two sources: point and nonpoint sources. Point sources are confined to a single
location such as sewage or industrial treatment plants, therefore, they are easily identified
and managed (Novotny, 2003). The Clean Water Act (1972) defined total maximum daily
loads (TMDL), which are a summary statistic of waste load allocation from point and
nonpoint sources, and a margin of safety. The Great Lakes water quality agreement of 1972
was aimed at limiting phosphorus concentration by providing a maximum discharge
concentration of 1 mg/L total phosphorus for municipal wastewater plants discharging
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more than 1 million gal/day into the upper Great Lakes (Lakes Superior, Michigan and
Huron) basin, and a 0.5 mg/L maximum for those plants located in the Lake Erie and Lake
Ontario basins (International Joint Commission, 1972). From 1972 to 1991, about $200
billion was spent on construction of wastewater-treatment plants and about $154 billion
was spent on operation and maintenance expenses at those treatment plants (Harcum et al.,
1997). In recent years, substantial progress has been made towards controlling phosphorus
and nitrogen point sources in the Great Lakes region, partially through phosphorusdetergent restrictions and improved wastewater treatment facilities (Novotny, 2003). For
the Environmental Protection Agency (EPA), the nonpoint sources have become the most
important remaining sources of water pollutant in the Great Lakes Basin (Karkkainen, 2006)
since point source pollution has largely been mitigated by the enforcement of total
maximum daily load (TMDL) levels. In the water quality agreement of 1978, the
phosphorus from diffuse sources has been taken into consideration (Novotny, 2003). The
USEPA Clean Water Action Plan of 1998 stated that polluted runoff, particularly from
agricultural nonpoint sources, is the most important source of water pollution. Primary
agricultural nonpoint sources include agricultural fields and manure disposal sites related
to concentrated animal-feeding operations (CAFOs). CAFOs are treated as point sources
by the USEPA (1995), and land application requirements for CAFOs are specified as part
of National Pollutant Discharge Elimination System (NPDES) permits. Nonpoint source
pollution is primarily regulated at the state and local levels through water quality planning
programs (Mandelker, 1989). Nitrogen and phosphorus as fertilizers are the important
sources of NPS pollutants, as they are particularly susceptible to loss when they are applied
in excess of crop demand. (Michalak et al., 2013; Bosch and Allan, 2008; Murdoch et al.,
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2000). In the Great Lakes region, 5% of fertilizer and 20% of manure are lost to surface
runoff after application to farmland (Carpenter et al, 1998). Other efforts have been made
to identify sources of NPS pollution, including data collection enforced by local laws and
international agreements (Cruce and Yurkovich, 2011; USEPA, 2003; USEPA, 2011) but
data collection from non-point sources is more difficult to do accurately and for large
spatial extents.
Pollutants from nonpoint sources, as a main reason for the existing algal bloom
problem, mainly contain available dissolved phosphorus from agricultural fields. Bioavailable active phosphorus and total phosphorus coming from sediments in Lake Erie
contribute to the generation of algal blooms (Michalak et al., 2013). Meanwhile, surface
runoff and sediment transported by surface runoff are carriers of dissolved phosphorus and
organic phosphorus from fields to streams through the local channel network. The
fundamental solution to the water quality problems facing the Great Lakes is to reduce
future sediment and nutrient loads into those lakes. Based on successful historical
experience in reducing runoff, total phosphorus, dissolved phosphorus, and nitrogen in
other watersheds (National Research Council, 1992), it is possible to reduce phosphorus
loads into the Great Lakes, but the lakes will need a long time to recover from
eutrophication as the response time of phosphorus and measures can be many years or
longer. Therefore, in the Great Lakes region it would be very meaningful to study the
nutrient loss from agricultural fields under future climate projections and evaluate the
effectiveness of best management practices.

5
1.2 Literature review
1.2.1

Climate change of Great Lakes region

Studies of climate change in the Great Lakes region generally agree that there will
be increased frequency of precipitation and temperature extremes (Cruce and Yurkochi et
al., 2011; Hayhoe et al., 2009; 2010; Kling et al., 2003). By the end of this century, annual
average temperature is projected to increase by 2.2°C to 5.8°C. Temperature in winter is
likely to increase 3°C to 8°C and in summer 3°C to 9°C as shown by HADCM3 projections
under both high and low greenhouse gas emission scenarios (Kling et al., 2003). Annual
precipitation is projected to increase up to 20% by the end of this century across the Great
Lakes region (Hayhoe et al. 2010) but the annual precipitation projected by different GCMs
under future climate scenarios varies from a 50 mm decrease to a 200 mm increase (Angel
et al., 2010). The seasonal distribution is likely to vary greatly with winter and spring
precipitation increasing and summer precipitation decreasing by up to 50% (Kling et al.,
2003). Extreme heat events are occurring more frequently, and heavy precipitation events
both rain and snow are becoming more common (Chagnon and Bras, 2003; Cherkauer and
Sinha, 2010; Trapp et al., 2007).

1.2.2

Climate change impacts on soil erosion

Increased air temperature affects the soil infiltration rate and runoff generation
indirectly through changes to the rate of evapotranspiration, which in turn affect soil
moisture content (O’Neal et al., 2005; Pruski and Nearing, 2002a). Soil erosion rate is also
influenced by temperature through its impact on the canopy formation process and
decomposition rate of residue (Stockle et al., 1992; Scholz et al., 2008). As most soil loss
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is caused by infrequent, severe storms, the increasing trend in such storms must be
adequately simulated for soil erosion assessment (Edwards et al., 1991). The annual total
of soil loss is highly dependent on a few major erosive events, often representing more than
50% of annual soil eroded (Carlos et al., 2007). Pruski and Nearing (2002b) studied climate
induced changes in erosion for eight U.S. locations during the 21st century and found that
a change in precipitation amount and intensity had a much greater effect on soil erosion
and runoff generation than a change in storm frequency. Where precipitation increases are
significant, erosion can be expected to increase, however, where precipitation decreases
occur, the results may be more complex due largely to interactions of plant biomass, runoff,
and soil moisture, so either increases or decreases in overall erosion may be expected.
Zhang and Nearing (2005) studied the impact of climate change on soil erosion, runoff and
crop productivity in central Oklahoma with the Water Erosion Prediction Project (WEPP)
model under three tillage scenarios (conventional tillage, conservation tillage, and no
tillage) and explained the greater increases in soil loss and runoff were attributed to greater
variability in monthly precipitation as projected by HadCM3 due to the increased
frequency of large storms. Scholz et al. (2008) studied the climate change impact on soil
erosion for four tillage systems in Europe with daily climate data generated by the
stochastic weather generator LARS WG 3.0 with the HadRM3H model using the IPCC
SRES (IPCC, 2012) A2 emission scenario from 2070-2099 and the generated daily climate
data from 1960-1999. Despite an increase in annual precipitation, a decline in rainfall
amounts during erosion sensitive months meant that the agricultural area proved to be less
prone to erosion than expected. Zhang et al. (2012) studied climate change impacts on
runoff and soil erosion in southeastern Arizona and found no significant difference in
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projected future annual runoff and soil loss among three climate change scenarios (A2,
A1B, and B1), but they increased significantly for the 2050s and 2090s compared to the
period from 1970 to 1999. Seasonal soil loss and runoff increased in both spring and winter
despite the projected decrease in winter precipitation, as the increase of soil loss and runoff
was attributed to the increase of precipitation intensity and frequency of extreme events in
this area.

1.2.3

Climate change impacts on nutrient losses

Climate can lead to significant impacts on the quality of surface waters as found
through the analysis of long term observed data in North America and model simulations
(Murdoch et al., 2000; Grimm et al, 1997). Increasing air temperatures and altered
precipitation patterns affect water quality by modifying the transformation and
transportation characteristics of nutrients and altering the timing and magnitude of runoff
and soil moisture, lake levels and groundwater availability (Crossman et al., 2013).
Increased storm related discharge coupled with longer dry periods during which pollutants
can accumulate in the watershed, can result in pulses of high concentration pollutant runoff
(Murdoch and Stoddard, 1992; Mulholland et al., 1997).
Projected increases in the frequency and intensity of storm events will likely
increase surface runoff thus enhancing soil erosion, and the transportation of soluble
Nitrogen and Phosphorus (Kling et al., 2003). Nitrogen transportation in response to
precipitation variability depends on its availability, and antecedent soil conditions, as
increased precipitation intensity will generate more surface runoff over wet soils, which
can increase the transport of available nitrogen (Gu and Riley, 2010). Nitrogen exists in
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different states and various chemicals containing N can be transformed to and from each
other. Small increases in mean annual temperature will have large impacts on soil N cycling,
as elevated soil temperature can lead to net N mineralization and nitrification by activating
microbial activity (Hart and Perry, 1999; Hart, 2006; Murdoch et al., 1998), which will
result in higher concentrations and subsequent losses of nitrate and undissolved organic N
(Schmidt et al., 2004). Prolonged dry intervals between rainfall events facilitate soil
nitrification, induce high NO3 leaching, while increased denitrification will enhance NO
and N2O production (Gu and Riley, 2010). Extreme dry and wet events may increase the
decomposition and flushing of more organic matter to the stream (Evans et al., 2005), and
may lead to nutrient increases in surface water. Under some future climate change
scenarios, TN is estimated to decrease by 0.5% (A2) and increase up to 7.3% in early and
midcentury, respectively, and may increase from 2.1% to 5.5% in the late century at the
Upper Pearl River Watershed in Mississippi (Jayakody et al., 2013).
The majority of annual phosphorus loading is directly related to significant episodic
events (Park et al., 2011). Therefore, changes in precipitation frequency and intensity
projected under climate change scenarios will have a strong impact on Phosphorus loadings
in surface runoff. P export from forested catchments has been shown to be primarily
associated with episodes of high discharge and sediment load, thus this would increase
concentration in surface waters with a higher frequency of storm event runoff (Meybeck,
1982; Meyer and Likens, 1979). Ide et al. (2007) observed smaller fluctuations in dissolved
TN concentrations compared to particulate P during precipitation events. Larger variations
in TP compared to TN are likely associated with the large increases in suspended
particulate P during storm events. Crossman et al. (2013) studied the impact of climate
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change on TP loads in the Black River, Ontario, Canada, throughout the 21st century. For
both greenhouse emission scenarios (A2 and A1B), they found that TP concentrations will
increase throughout the 21st century and that TP concentration has a strong relationship
with flow rate. Periods of maximum flow corresponded directly with maximum TP
concentration increases but the minimum flow did not correspond with minimum TP
concentrations. The increase in TP was greater in winter than that in summer despite
increased flows and precipitation amounts. This was attributed to the increase in baseflow
through the study catchment in winter that prevented the build-up of TP. This led to a
reduction in TP released during spring flushing events relative to historical conditions. TP
losses were slightly greater for summer fertilizer application than for fall application due
to greater precipitation and higher soil temperature, as higher soil temperature facilitates
phosphorus attachment to soils and greater precipitation enables more runoff to wash soil
and its attached P into streams (USEPA, 2003).
Park et al. (2011) studied climate change impacts on the surface water quality of
mountainous watersheds in Northeast Asia, and found that in Japan the projected higher
air temperature will thin the snowpack, which in turn increases nutrient leaching to stream
waters through the altering of soil microbial processes in response to more frequent freezethaw cycles. In Korea, more frequent extreme rainfall events have resulted in an increase
in watershed export of sediments and nutrients from agricultural lands on steep hill slopes.
Meanwhile, Jayakody et al. (2013) studied the projected future climate impacts on
sediment and nutrient transport in the Upper Pearl River watershed in Mississippi, and
found that TP will decline 3.9% and increase up to 14.3 % under the A2 scenario during
mid (2046-2065) and late century (2080-2099) periods, respectively. Walker (2001)
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studied nutrient inputs into the Bay of Quinte (Lake Ontario), where lower streamflow and
higher pollutant concentrations resulted in a phosphorus increase of 25% to 35%. Average
annual phosphorus projections at the mouth of the Trent River on the Bay of Quinte
increased by about 25%, 10%, and 15% in 2030, 2050, and 2090, respectively.

1.2.4

Climate change impacts on effectiveness of best management practices

Best management practices (BMPs), such as the installation of grass filter strips,
use of conservation tillage, and changes to timing and quantity of fertilizer applications,
are designed to reduce the load of sediment and nutrients making their way into streams
and water bodies (Chaubey et al., 2010; Koski and Kinzelman, 2010; Woznicki and
Nejadhashemi, 2011; Chiang et al., 2012; Michialak et al., 2013). For example, buffer
strips reduce sediments and nutrients in surface runoff by reducing the volume and velocity
of runoff before it enters an adjacent stream or lake leading to increased infiltration and
settling of suspended particles. Other BMP methods include changes to tillage practices
from conventional tillage that leaves the soil highly susceptible to erosive processes to
types of conservation tillage and no till management. With fewer disturbances of the soil
surface and with increased amounts of residue left on the surface after crop harvest and
through planting of the next crop, conservation tillage and no-till management reduce the
soil available for transport by overland flow into rivers (Tuppad et al., 2010).
The effectiveness of BMPs under projections of future climate is something that
has only recently become a topic of research. Climate change will affect the timing,
intensity and frequency of precipitation events, which in turn will affect the generation of
surface runoff which is the major transport pathway for sediments and nutrients (Woznicki
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and Nejadhashemi, 2011). Elevated temperatures may also increase evapotranspiration (ET)
lowering soil moisture levels and potentially increasing infiltration even in the face of more
intense precipitation events. Increased temperatures will also contribute to a decrease in
snow accumulation, and a short-term increase in soil freezing and in freeze-thaw cycles
that can increase the mobility of surface soil (Sinha and Cherkauer, 2010). More nutrients
could be lost if surface runoff generation increases with an increase in the frequency of
intense rainfall events. This can also have an effect on BMP performance, as pollutant loads
could be increased more due to extreme weather conditions than they are reduced due to
BMP implementation in the watershed (Chaubey et al., 2010). Chiang et al. (2012) studied
implementation of BMPs in the Lincoln Lake watershed located in Northwest Arkansas
and Eastern Oklahoma and found that buffer strips, spring litter application and
optimization of grazing management could be used to mitigate the impact of future climate
change as reductions in TN, TP and sediment were ensured. Woznicki and Nejadhashemi
(2011) assessed BMP implementation strategies under climate change scenarios at Tuttle
Creek Lake watershed in Kansas and Nebraska and found that there was no change in
effectiveness in buffer strips with widths of 10 m under future climate scenarios at the
watershed scale. They also found that sediment and total nitrogen load efficiency increased
at the field scale with no-tillage and conservation tillage in future climate scenarios and
that there were no significant differences at the watershed scale with these two methods.
Jayakody et al (2013) studied the impacts of climate variability on water quality with BMPs
in the upper Pearl River Watershed in Mississippi, and found that the effectiveness of
BMPs including a riparian buffer, stream fencing, sub-surface manure applications and
vegetative filter strips on sediment removal will be reduced under future climate conditions,
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and the efficiency of nitrogen removal may increase, whereas phosphorus removal
efficiency may remain unchanged.

1.3 Research objective
This study will focus on the impact of climate change on the production of NPS
pollutants in three Great Lakes states: Minnesota, Wisconsin, and Michigan, where NPS
pollutants contribute to the water contamination in Great Lakes. The research is designed
to answer the following science questions:
Question 1: What are the climate change impacts on soil erosion in the Great Lakes region?
Question 2: What water quality model could be utilized in nutrient losses estimation?
Question 3: What are the nutrient losses responses to climate change in the Great Lakes
region?
Variable infiltration Capacity (VIC) and WEPP (VIC-WEPP) model (Mao et al.,
2010) will be utilized to quantify the impacts of climate change on soil erosion of three
states in Great Lakes region. A physically based Water Erosion Prediction Project – Water
Quality (WEPP-WQ) model will be developed and evaluated on nutrient loss estimation,
and used to simulate climate change impacts on nutrient loss at two watersheds in Great
Lakes region. The scaling methodology that allowed the VIC and WEPP models to be
coupled and applied to large watersheds, will then be applied to scale the WEPP-WQ model
up to represent watersheds within the three state domain. The questions will be answered
by completing the following objectives:
Objective 1: Utilize the coupled VIC-WEPP model to quantify the impact of climate
change on soil loss in the Great Lakes region.
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Objective 2: Test the WEPP-WQ model at the hill slope scale and evaluate the nutrient loss
simulation performance with observed dataset.
Objective 3: Study the impacts of climate change on the N/P losses of two small watersheds
in the Great Lakes region using the scaling techniques developed for WEPP-WQ coupling
model.

1.4 Significance of the study
The results of the proposed research will provide scientific support to
environmental policy makers to develop modifications to management strategies for large
spatial areas for adaptation to future climate change by quantifying sediment and nutrient
losses in the Great Lakes region. The proposed work will utilize the large scale VIC-WEPP
model to quantify regional soil loss and the WEPP-WQ water quality model to identify the
nutrient losses from smaller watersheds within the Great Lakes region under projections of
future climate change. Research will focus on how increases in the frequency and intensity
of precipitation affect surface runoff and erosion, and how higher air temperatures may
increase evapotranspiration and thus indirectly affect infiltration and freeze-thaw cycling
in the soil. The WEPP-WQ model here is the basis for the development of an expanded
WEPP-WQ model with multiple overland flow elements (OFEs) along each hillslope, so
it is possible to directly simulate the effects of combining BMPs, such as conservation
tillage and grass buffer strips for reducing soil and nutrient losses in the Great Lakes region.
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1.5 Thesis Organization
This thesis is organized into five chapters as described here. First is this brief
introductory chapter that lays out the background and significance of the study, and a
description of the research. A comprehensive literature review of climate change impacts
on soil erosion, nitrogen, and phosphorus losses are presented in Chapter 1. Chapter 2 to
Chapter 4 are presented in the format of manuscripts intended for publication in peerreviewed journals. Chapter 2 describes the climate change impacts on soil erosion in Great
Lakes region with utilization of a macro-scale soil erosion model; Chapter 3 developed a
coupled water erosion and water quality model, and tested and evaluated this model with
observed field experiment nutrient data; Chapter 4 analyzed impacts of climate change on
losses of total phosphorus and nitrate nitrogen in the Great Lakes region with the developed
process based water quality model. The final chapter provides an overall summary of the
dissertation work, conclusions and suggestions for future research in strengthening the
process based water quality model, and effectiveness test of BMPs under future climate
change scenarios. Details of those chapters in manuscript format are as follows:
CHAPTER 2: Wang, L., K.A. Cherkauer, and D.C. Flanagan. Climate Change Impacts On
Soil Erosion in the Great Lakes Region CHAPTER 3: Wang, L., D.C. Flanagan, and K.A.
Cherkauer. Development of the Water Erosion Prediction Project - Water Quality model
for a single Overland Flow Element CHAPTER 4: Wang, L., D.C. Flanagan, and K.A.
Cherkauer. Impacts of Climate Change on Water Quality of two small watersheds in the
Great Lakes region
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CHAPTER 2. CLIMATE CHANGE IMPACTS ON SOIL EROSION IN THE GREAT
LAKES REGION
2.1 Abstract
Quantifying changes in potential soil erosion under projections of changing climate
is important for the sustainable management of land resources, especially for regions
dominated by agricultural land use, as soil loss estimates will be helpful in identifying areas
susceptible to erosion, targeting future erosion control efforts, and/or conservation funding.
Therefore, the recently developed VIC-WEPP (Variable Infiltration Capacity – Water
Erosion Prediction Project) coupled model was utilized to quantify changes in potential
soil erosion by water under three climate change scenarios (A2, A1B, B1) using projections
from three general circulation models (GFDL, PCM, HadCM3) for the Great Lakes region
from 2000 to 2100. Ensemble averages of three models for the three scenarios indicate that
soil loss will decrease significantly throughout three future periods (2030s, 2060s, and
2090s) relative to the historical period (2000s) because of increases in precipitation amount
and air temperature. However, this is a spatially averaged result, as decreasing soil erosion
in the southern study domain exceeds soil loss increase in the northern study domain. Over
three future periods, the A2 scenario had the least overall average annual soil loss
reductions for the three emission scenarios of 0.7, 0.4, and 1.4 ton ha-1, while the A1B
scenario had the greatest soil loss reductions of 0.9, 1.6, and 1.8 ton ha -1, respectively.
Seasonally, soil loss for the A2 and A1B scenarios was projected to decrease in the summer
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from 0.3 to 1.1 ton ha-1 due to decreasing precipitation, but increase in the fall from 0.9 to
2.0 ton ha-1 as a result of increasing precipitation. For the B1scenario, soil loss decreased
in the fall due to decreasing precipitation. In the winter, soil loss was projected to increase
for the A2 scenario because of increasing rainfall, while it was projected to decrease due
to reduced snow water equivalent (SWE) under the A1B scenario. For the B1 scenario, soil
loss had minimal predicted changes in the winter for the three future time periods.
Keywords: Climate change; modeling; soil erosion; VIC-WEPP

2.2 Introduction
Changes in air temperature affect soil erosion processes through their influence on
erosion driving factors: rates of runoff generation and soil infiltration (Zhang et al., 2012;
Zhang et al., 2010; Pruski and Nearing, 2002a; O’Neal et al., 2005). Air temperature
changes the soil evapotranspiration rate and soil moisture content, which in turn affects
runoff generation and soil infiltration both of which control erosion processes (Pruski and
Nearing, 2002a, 2002b). Air temperature also changes the Leaf Area Index (LAI) of plants,
which can change the soil’s exposure to precipitation and direct raindrop splash erosion
processes. It can also affect biomass production and residue decomposition, which in turn
may influence the infiltration and runoff processes (Pruski and Nearing, 2002a, 2002b;
O’Neal et al., 2005). Finally, increased air temperature changes cold season processes in
the Midwest U.S. through increased snow melt and freeze-thaw cycles, and a decrease in
the number of days with soil frost, which can increase soil loss in the winter and spring
(Sinha and Cherkauer, 2010).
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Changes in precipitation amount and patterns will influence the soil loss generation
process by affecting runoff generation and rainfall erosivity. Increases in precipitation
quantity will increase the probability of greater runoff generation, which in turn can
increase soil loss under bare soil scenario. Precipitation intensity and frequency are other
factors increasing soil loss, as more than 50% of annual soil loss is caused by a few daily
erosive events with high intensity (Edwards and Owens 1991; González-Hidalgo et al.,
2007). Greater projected increases in rainfall intensities and storm energies will change the
rainfall erosivity and create disparity in spatial trends between precipitation amount and
rainfall erosivity (Zhang et al., 2010). Nearing et al. (2005) conducted an investigation into
the response of several different soil erosion models to changes in precipitation and land
cover through a sensitivity analysis. They found that relative results from models were
better than absolute predictions, and that soil erosion was more affected by changes in
rainfall and canopy cover than runoff.
In a study by O’Neal et al. (2005) with the Water Erosion Prediction Project
(WEPP, Flanagan and Nearing, 1995; Flanagan et al., 2007) model, for 10 of 11 regions in
the Midwestern U.S., runoff was projected to increase from 10% to 310%, and soil loss
was projected to increase from 33% to 274% in 2040-2059 relative to 1990-1999. Increased
precipitation and decreasing canopy cover from temperature-stressed maize were identified
as important controlling factors. Zhang et al. (2012) studied climate effects on runoff and
soil erosion in southeastern Arizona rangelands for the 2050s and 2090s with the
Rangeland Hydrology and Erosion Model (RHEM, Nearing et al., 2011) and found that
while there were no significant changes in annual precipitation quantity across the region

24
the projected mean annual runoff and soil loss increased significantly, ranging from 79%
to 92% and from 127% to 157%, respectively, relative to 1970 to 1999. The increases in
runoff and soil loss were attributed to the increase in the frequency and intensity of extreme
events in the study area. Zhang and Nearing (2005) studied climate change impacts on soil
loss in central Oklahoma and found annual precipitation will decrease, while annual runoff
and soil loss will increase or be about the same by the later part of this century depending
on the future climate scenario. The increases in both soil loss and runoff were attributed to
greater variability in monthly precipitation, which led to increased frequency of large
storms.
Climate change studies in the Great Lakes region have indicated increases in
extreme frequency of both precipitation and air temperature (Kling et al., 2003; Hayhoe et
al., 2010; Cruce and Yurkovich, 2011). By the end of 21st century, annual precipitation is
projected to increase up to 20% across the Great Lakes region (Hayhoe et al. 2010) with
precipitation increases in both winter and spring and decreases in summer (Kling et al.,
2003). Annual air temperature is projected to increase by 2.2°C to 5.8°C with more
frequently occurring extreme heat events and more common heavy precipitation events
(Chagnon and Bras, 2005; Cherkauer and Sigha, 2010; Trapp et al., 2007). However, there
are few studies about the impacts of climate change on soil erosion. This study will assess
the potential impact of projected future climate change on soil erosion through examining
the effects of changes in precipitation amount and intensity and air temperature on soil loss
and its influencing factor surface runoff in the Great Lakes region. A macro scale soil
erosion model, the Variable Infiltration Capacity (VIC, Liang et al., 1994, 1996; Cherkauer
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and Lettenmaier, 1999; Cherkauer et al., 2003) coupled with the Water Erosion Prediction
Project (WEPP) model resulting in the VIC-WEPP model (Mao et al., 2010), was used in
this study to estimate soil loss in the Great Lakes region. This paper discusses the future
climate scenarios, meteorological datasets, VIC-WEPP model calibration and validation,
and predicted future runoff and soil loss results.

2.3 Methodology
2.3.1

Study Region

The study region covers three Great Lakes states: Wisconsin, Minnesota, and
Michigan, with a total area of approximately 645,300 km2 and a population of about 20
million (2010 U.S. census; Figure 2.1). It has a typical continental climate with hot, wet
summers and cold, long winters. Annual average temperatures increase gradually from the
north border of Minnesota at about 2°C to the south boundary of Michigan at about 10°C.
Annual average precipitation increases from western Minnesota (483 to 889 mm) to the
eastern part of Michigan (762 to 1016 mm), with greater precipitation changes around the
border between the two states. This area comprises parts of the upper Mississippi River
basin (Wisconsin, Michigan), and parts of the Great Lakes drainage basin (Minnesota).
Northern Wisconsin and Michigan, and northeastern Minnesota are heavily forested with
dominant sandy loam soils. The southern parts of the study region are non-forested with
loamy soils and agricultural land use high in corn (Zea mays) production (Cherkauer and
Sinha, 2010; Mao et al., 2010).

26
2.3.2

Model Description

The coupled VIC-WEPP model was developed recently for soil loss estimation at
macro spatial scales, details of which can be found in Mao et al. (2010). For clarity, a brief
introduction will be made here. The VIC-WEPP model, which couples the large-scale VIC
hydrologic model with the field-scale WEPP-Hillslope Erosion (WEPP-HE) model, can
estimate soil loss in an eighth degree grid cell (144 km2) after a series of data rescaling
processes. The application area is much larger than the small agricultural fields up to 260
ha (1.6 km2) which is appropriate for WEPP model (Flanagan and Nearing, 1995; Flanagan
et al. 2007). Therefore, VIC-WEPP model is utilized in this study to simulate soil loss in
the Great Lakes region instead of WEPP model. The VIC model (Liang et al, 1994, 1996;
Cherkauer and Lettenmaier, 1999) is a macro-scale hydrological model, which simulates
the water and energy balance on a grid cell basis. WEPP-HE is a stand-alone hillslope
erosion module extracted from the full WEPP model that can be applied to individual slope
profiles for soil erosion estimation in a single storm event and it has substantially reduced
input parameter requirements compared to those of the full WEPP model (Mao et al., 2010).
In the VIC-WEPP model, VIC is used to provide hydrologic parameters and cold season
parameters to estimate soil loss in a grid cell. The WEPP-HE model plays the role of
estimating soil loss for every hill slope within a grid cell, and is used instead of the full
WEPP model because the VIC model will be estimating overland flow so many of the
components of the full WEPP model are not required for this application. Additionally, the
simplifications made in coupling the VIC-WEPP model still meant that it took four months
to run the model over the three states just to estimate soil loss for a 10 year period. A similar
method could be used to simulate the region with the full WEPP model, but simulation
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times would be much greater. Soil erosion simulations are run only when the VIC model
simulates runoff over a threshold. This accounts for the fact that the variable infiltration
capacity (VIC) curve always generates runoff when there is precipitation or snow melt.
The VIC curve is designed to represent the spatial variability in infiltration across a large
grid cell, while the WEPP-HE model is applied at the hillslope where runoff generation is
not directly linked to precipitation. The summation of estimated soil loss from every hill
slope within a VIC model grid cell is the total soil loss of that grid cell
The VIC-WEPP model needs climate, slope, soil, and land cover inputs for each
grid cell within the study domain. The process of preparing model inputs together with the
soil loss estimation process is described below. For climate inputs to the VIC-WEPP model,
daily precipitation needs to be disaggregated into sub-daily time steps using the CLIGEN
(CLImate GENeration, Nicks et al., 1995) model for generating detailed storm intensity
and duration inputs for WEPP-HE model. Slope inputs are extracted from a DEM with a
30 arc-sec resolution, however, it has to be rescaled before utilization with a mono-fractal
method to 30 m, which is suitable for the WEPP-HE application. Soil properties are derived
from Mao et al. (2010) in which soil data were obtained from the CONUS-Soil data base
(Miller and White, 1998). Land cover inputs were extracted from the land cover map in
Mao and Cherkauer (2009). The study area is mostly covered by forest, wooded grass, and
cropland. Cropland was dominated by corn and managed with fall chisel plow tillage
method as it is the major operational tillage practice in the region (Mao et al., 2010). The
soil data has already been aggregated to the resolution of an eighth-degree VIC model grid
cell, and soil parameters such as daily soil erodibility and critical shear stress are calculated
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with characteristics of soil, rainfall, and runoff based on equations described in the work
of Flanagan and Nearing (1995). Soil loss was estimated for each hillslope profile within
each grid cell. As it is prohibitively time consuming to run the WEPP-HE model on each
hillslope within a grid cell, the coupled model applied a stratified random sampling method
(Park and Van de Giesen, 2004; Thompson et al., 2006) to select slopes and corresponding
land covers within a grid cell and then apply WEPP-HE to these hillslopes to obtain the
soil loss for the entire grid cell after rescaling the results using a proportional area
calculation. This model has been successfully applied to the study of impacts of cold season
processes on soil erosion in the Great Lakes region (Wang et al., 2012) and effects of
extreme wildfire events on soil erosion in the Pacific Northwest (Gould et al., 2012).
2.3.3 GCMs and GHG scenarios
The projected climate data were developed using three GCMs under three GHG
(Greenhouse Gas) emission scenarios based on the IPCC 4th assessment report (AR4).
Table 2.1 lists the three emission scenarios (A2, A1B, and B1) chosen for this study. These
represent a range of GHG emissions driven by projections of changes to the global
economy, population, technology development and energy consumption (the Special
Report on Emission Scenarios SRES, Nakicenoivc et al., 2000).
Three GCMs were chosen for each scenario and used to produce ensembles of
projected climate impacts, as results from multiple model ensembles have been found to
diminish spatial bias from individual GCMs (Bhat et al., 2011). In this study the criteria of
Sinha and Cherkauer (2010) for GCM selection is used, where they must: (1) have a varied
range of spatial grid resolution (fine and coarse), (2) have the capability to represent
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realistic regional spatial structures of precipitation, and (3) have reasonable sensitivity to
forcing by GHGs. The GFDL-CM2 (Geophysical Fluid Dynamics Laboratory Version 1.1;
Stouffer et al., 2006; Delworth et al., 2006) and HADCM3 (Hadley Centre climate model
Version 3.1, Gordon et al., 2000; Pope et al., 2000) models were chosen, as the GFDLCM2 is highly sensitive to GHG emissions, while HADCM3 is moderately sensitive. The
PCM (Parallel Climate Model Version1.3, Washington et al., 2000) was also selected
because it has low sensitivity to the GHG forcing compared to other climate models. All
three models were also found to be most suitable for use in the Great Lakes regions
(Hayhoe et al., 2009; Hayhoe et al., 2010).
Table 2.1 Summary of the major differences between the three SRES scenarios selected
for use (Nakicenovic et al., 2003).
Emissions scenario

A2

A1B

B1

Description
A gradual continuous increase in global population.
Regionally oriented economic growth.
Fragmented technological development
Maximum CO2 concentration is 850 ppm by the year 2100.
Rapid economic growth.
The same global population pattern as B1.
Rapid introduction of new and more efficient technologies.
Maximum CO2 concentration is 720 ppm by the year 2100.
Global population peaks in mid-century and declines after that.
Rapid economic changes toward service and information
economy.
Introduction of clean and resource efficient technologies.
Maximum CO2 concentration is 660 ppm by the year 2100.

The climate dataset used in this study was developed by Sinha and Cherkauer
(2010) and is briefly described here. GCM projections were originally downloaded from
the World Climate Research Programmer’s (WCRP’s) Coupled Model Intercomparison
Project Phase 3 (CMIP3) multimodel data set established by Maurer et al. (2007). The
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climate projections are downscaled by Lawrence Livermore National Laboratory (LLNL)Reclamation-Santa Clara University (SCU), and stored and served at the LLNL Green Data
Oasis. For each grid cell in our study area, the climate projection data were bias corrected
using the method of Wood et al. (2004) and downscaled from monthly into daily data using
the method of Sinha and Cherkauer (2010) with the support of historical PDFs (Probability
Distribution Functions).
The daily precipitation data from the Sinha and Cherkauer (2010) data set have to
be disaggregated to an hourly time step to better account for shorter duration bursts of
intense rainfall, which have a critical impact on soil erosion. Erosion processes happen on
short time scales and are strongly influenced by the rainfall instant intensity and duration.
Hourly precipitation rates were disaggregated from the daily data using the CLIGEN model
and DISAG sub-routine used within the WEPP model, as described by Mao et al. (2010).

2.3.4

Data used for calibration and validation

Calibration of the VIC-WEPP model in this study consisted of two parts. The first
step was the calibration of runoff and baseflow conducted by adjusting the hydrologic
parameters in the VIC model. This is a standard calibration process for the VIC model,
but also very important for this study as surface runoff is the primary input to WEPP-HE
model for each hillslope within a grid cell. The second step of the calibration process was
to assess soil loss estimates by the WEPP-HE model using the VIC model runoff estimates.
Validation of the VIC-WEPP model allowed evaluation of the performance of the
calibrated model setting through comparisons in runoff and soil loss between observed and
simulated data. For streamflow calibration, Mao and Cherkauer (2009) selected five
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watersheds because they represent a large part of the study domain and have daily
streamflow measurements available for the model calibration period from 1980 to 1989.
Model calibration and validation for streamflow in the Great Lakes region were conducted
by Mao and Cherkauer (2009) resulting in satisfactory calibration for the five watersheds
based on the utilization of two statistical parameters the Nash-Sutcliffe coefficient of
efficiency (Nash and Sutcliffe, 1970) and the agreement index (Willmott, 1981). The
calibrated model for streamflow from Mao and Cherkauer (2009) was applied in this study.
Soil loss calibration and validation of VIC-WEPP model for the study domain was
a process of adjusting the daily critical shear stress, and the soil erodibility values of
hillslopes within a grid cell to make sure that WEPP-HE model estimates of soil loss were
similar to those from the full WEPP model for select hillslopes. Adjustments of daily soil
erodibility and critical shear stress were completed based on the parameters provided by
the VIC model related to plant canopy, ground cover, residue cover, and the cycles of soil
freeze and thaw. Mao et al. (2010) conducted soil loss calibration and validation of the
VIC-WEPP model with datasets from two sites, one at Waseca, MN and the other at Morris,
MN, and obtained reasonable results for soil loss estimation. The calibration process used
is described briefly here to clarify. The VIC-WEPP model represents the two sites with
two grid cells and estimates soil losses under three land cover types (cropland, forest and
grassland). As there are few observed datasets of soil loss at the scale of the VIC model
grid cell (1/8 degree latitude by longitude), the soil loss simulated by the full WEPP model
(Flanagan and Nearing, 1995; Flanagan et al. 2007) is used as observed soil loss for the
two sites. The full WEPP model has been extensively validated with observed soil loss
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data, and found to be sufficiently accurate even without calibration for most applications
(Tiwari et al., 2000; Laflen et al., 2004). The coupled model simulated soil erosion rates
were in general agreement with the WEPP model predicted results, and erosion predicted
by the VIC-WEPP model was within the range of those predicted by the full WEPP model
with maximum slopes (Mao et al., 2010). Therefore, the soil erodibility and critical shear
stress adjustments derived from this calibration process were determined to be suitable for
large-scale soil loss estimation by the VIC-WEPP model.

2.3.5

Simulation and evaluation

Evaluation of future climate impacts on soil erosion was conducted in three stages.
First, we evaluated soil loss for a point site by applying the VIC-WEPP model to one grid
cell representing the Waseca (44.07° N, 93.52° W), MN watershed (Figure 2.1). Waseca
has annual precipitation of about 831 mm and average air temperature about 6.9°C. For
future climate scenarios, precipitation and air temperature data from 1997 to 2099 were
used as the driving force for the VIC-WEPP model, with 3 years from 1997 to 1999 used
for model spin up. For future climate analysis, a base period was defined from 2000 to
2009, early century period from 2030 to 2039, middle century period from 2060 to 2069,
and late century period from 2090 to 2099. Effects of precipitation intensity and amount
on soil loss were examined through analyzing changes of extreme storm intensity, annual
precipitation amount, and soil loss between the three future periods and the historical
period. Extreme events were calculated using hourly precipitation intensity over 10 years.
These events were arranged from the largest to the smallest, and the top 5% of all events
selected for the extreme event analysis.
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Figure 2.1 Great Lakes region states and Location of Waseca, MN site

Second, we evaluated climate change impacts on soil erosion for the entire study
domain. Here the VIC-WEPP model was applied to all 4800 grid cells representing the
three states. Simulations were conducted using the same methods as for the Waseca point
simulations, with analysis focusing on the relative change between the three future periods
and the historical period. Future climate projections from the three GCMs were run for
each of the three climate change scenarios. Results from the GCMs were averaged for each
scenario to produce multi-model ensembles, similar to the approach used by Cherkauer and
Sinha (2010).
Soil losses between the historical base period and the three future periods were
analyzed spatially at both annual and seasonal time steps. Wilcoxon Signed Ranks tests
(Wilcoxon, 1945) were used to assess the significance of annual soil loss differences
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between the historical period and future periods (alpha ≤ 0.05). This test was selected
because it does not require an assumption that data are normally distributed.

2.4 Results and Discussion
Annual average base values from the historical period and future changes in
precipitation, air temperature, surface runoff and soil loss estimates for Waseca, MN are
provided in Table 2.2 and Table 2.3, respectively. Future precipitation is projected to
increase throughout the three future periods under all climate scenarios from 1.41% to 8.59%
with the greatest increase under the A2 scenario for each future period. Air temperature
increased consistently from the early to late century period for all scenarios, with the largest
increase of 4.37°C in the late century period under the A2 scenario. Surface runoff
increased in the middle century period under both the A2 and B1 scenarios by 0.41% and
3.86% respectively, and the early and late century periods under the A1B scenario. Soil
loss changes in the same direction as surface runoff, as surface runoff is a primary driver
of erosion. However, there are exceptions in the middle century period under the A1B
scenario and in the late-century period under the B1 scenario, where soil loss and surface
runoff changes are in opposite directions. This suggests that changes to annual average
runoff are not the only drivers or perhaps not always the most significant drivers of soil
erosion change.
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Table 2.2 Annual average values in the base period for precipitation, air temperature,
runoff, and soil loss in historical period for the Waseca, MN location.
A2

A1B

B1

Precipitation (mm)

621.9

692.9

618.3

Air temperature (oC)

0.6

0.6

0.6

Runoff (mm)

92.6

85.1

67.5

Soil loss (ton ha-1)

7.1

6.8

7.7

Table 2.3 Change (∆) and percent change (%) in average annual precipitation, air
temperature, runoff, and soil loss for three future periods (2030s, 2060s, 2090s) under
each emission scenario relative to the historical period (2000s) for the Waseca, MN
location.
A2

A1B

B1

Periods

Early

Middle

Late

∆

%

∆

%

∆

%

Precipitation (mm)

16.9

2.08

-41.9

-4.84

11.4

1.41

Air temperature (°C)

0.76

Runoff (mm)

-7.42

-6.41

13.41

12.5

-2.48

-2.49

Soil loss (ton ha-1)

-0.1

-1.41

3.7

54.5

-2.1

-27.1

Precipitation (mm)

69.9

8.59

7.17

0.83

17.6

2.18

Air temperature (°C)

2.38

Runoff (mm)

0.48

0.41

-1.53

-1.43

3.85

3.86

Soil loss (ton ha-1)

3.6

50.7

2.6

38.2

0.8

10.6

Precipitation (mm)

27.8

3.41

3.05

0.35

34.0

4.22

Air temperature (°C)

4.37

Runoff (mm)

-6.34

-5.47

12.5

11.6

-5.17

-5.19

Soil loss (ton ha-1)

-0.4

-5.63

3.2

47.5

0.5

6.52

1.26

0.75

2.92

1.51

3.32

1.89
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Figure 2.2 Monthly cumulative precipitation, runoff and soil loss differences for three
future periods relative to the historical period under three climate change scenarios for
the Waseca, MN location.

Both precipitation amount and intensity play critical roles in soil loss generation
through three future periods, so we also identified the top 5% of storm events within year
and computed the monthly average precipitation intensity from these events, and the
proportion of monthly soil loss generated by these events (Table 2.4, Figure 2.3). Intensity
of storm events throughout three future periods increased relative to historical periods for
the A1B scenario, and decreased for the B1 scenario. Soil loss generated by these storm
events accounts for a higher proportion of annual soil loss than that of the historical
proportion for both the A1B and B1 scenarios (Table 2.4). Of particular interest is the fact
that the top 5% of precipitation events were clearly focused in March for all three scenarios,
and three future periods, and that they generated more than 70% of the simulated soil loss
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in all cases. Changes in the intensity of the top 5% of storms were clearly associated with
increases in soil loss (Figure 2.3) both through the increase in the proportion of monthly
soil loss contributed by the top events, but also with the amount of soil loss generated by
the events for all periods and the A2 and A1B scenarios. Precipitation intensities increased
in the case of the B1 scenario as well, however, the only real increase in soil loss
experienced by these simulations was in July and August in the middle and late century
periods, and did not contribute to a substantial increase in cumulative annual erosion in
either case.
Table 2.4 Average precipitation intensity of the top 5% of storm events and the
percentage contribution to total annual soil loss generated by these events for the Waseca,
MN location.
Rainfall Intensity (mm h-1) Soil Loss Contribution (%)
scenarios

A2

A1B

B1

A2

A1B

B1

Base

8.34

6.60

10.0

55.8

54.8

48.9

Early

8.09

15.20

8.45

54.0

70.2

51.6

Middle

12.94

8.80

7.06

65.5

63.6

70.8

Late

8.24

9.45

7.84

52.8

64.6

65.4
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Figure 2.3 Monthly average precipitation intensity of extreme events (5% most
intense storms) and the proportion of soil loss generated by these extreme
events for three future periods under three climate change scenarios at the
Waseca, MN location

2.4.1

Future soil loss predictions for the Great Lakes region

The coupled VIC-WEPP model was applied across the three state study domain
using the same three climate change scenarios to quantify the domain average and spatial
distribution of potential climate change impacts on soil loss. Temporal and spatial
distributions of differences in precipitation, air temperature, runoff, and soil loss between
historical and future periods were evaluated to clarify the soil loss response to changing
climate drivers. Results are presented here to highlight seasonal and spatial variations in
soil loss volumes and in the changes to climate drivers of soil loss.
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Average annual change in precipitation, air temperature, runoff, and soil loss over
the study domain have been compiled in Table 2.5. Relative magnitude and direction of
precipitation change for both the A2 and A1B scenarios were similar between future
periods to those for Waseca, MN (Table 2.3). The precipitation increase in the middle
century period for the B1 scenario was smaller than either the early or late century periods,
a difference from the increasing trend in precipitation found at Waseca while moving later
into the current century. For the three future periods, the A2 emission scenario had the
greatest overall projected increase in precipitation ranging from 20.1 to 63.7 mm yr-1 (Table
2.5). The A1B scenario had the only instance of decreased precipitation, in the early
century period (-20.7 mm yr-1), which agreed with the findings at Waseca (Table 2.3). The
A1B scenario also experienced the lowest predicted precipitation increase (18.70 mm yr-1)
for the late century period. Air temperature was projected to increase throughout the three
future periods under all three GHG emission scenarios. In the early and middle century
periods, the A1B scenario had the greatest predicted increases of 1.47°C and 2.76°C,
respectively, while the A2 scenario had the greatest predicted temperature increase of
4.34°C in the late century period. Projected runoff decreased by 0.3 to 8.5 mm yr-1
throughout all three future periods under all three GHG emission scenarios except for the
early and middle periods of the B1 scenario. Over the three future periods, predicted
average annual soil loss over the entire region also significantly decreased by 0.4 ton ha-1
yr-1 (5.0%) to 1.8 ton ha-1 yr-1 (21.4%) under all three climate change scenarios with
Wilcoxon test (alpha ≤ 0.05). The A1B scenario had the greatest predicted soil loss
decreases over all future periods, while the A2 scenario had the smallest decreases from
0.4 (5.0%) to 0.7 ton ha-1 yr-1 (8.4%).
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Table 2.5 Regional predicted changes in average annual precipitation, air temperature,
runoff, and soil loss compared to historical base under three climate change scenarios for
three future periods.
Scenarios

A2

A1B

B1

Early

Middle

Late

Early

Middle

Late

Early

Middle

Late

20.1*

63.7*

47.4*

-20.7*

25.4*

18.7*

19.0*

1.74*

30.8*

2.27

8.6

6.4

-2.61

3.21

2.36

2.55

0.23

4.12

0.85*

2.39*

4.34*

1.47*

2.76*

3.52*

0.68

1.57

1.94

-6.91*

-0.34*

-4.49*

-0.18

-8.51*

-7.35*

0.60*

3.19*

-6.59*

%
∆ Soil loss
(ton ha-1yr-1)

-0.07

-0.003

-0.04

-0.17

-8.15

-7.04

0.64

3.42

-7.06

-0.7*

-0.4*

-1.4*

-0.9*

-1.6*

-1.8*

-0.7*

-0.7*

-1.7*

%

-8.36

-4.99

-18.1

-10.4

-19.7

-21.4

-9.05

-9.21

-23.2

∆ Precip.
(mm yr-1)
%
∆ Temp.
(°C yr-1)
∆ Runoff
(mm yr-1)

Note: * - difference is significant at alpha ≤ 0.05 with Wilcoxon Signed Rank tests.

2.4.2

Spatial analysis of soil loss under climate change

Even though annual averaged soil loss was found to decrease significantly over all
three future time periods (Table 2.5), soil loss did not decrease over the entire study domain
(Figure 2.4). Therefore, the spatial distribution of annual precipitation, runoff and soil loss
in the historical period, and the projected differences between the future and historical
periods were analyzed for the A2 (Figure 2.4), A1B and B1 climate scenarios. In addition,
to quantify the relative importance of different mechanisms to future changes in soil loss,
grid cells within the study domain were sorted into eight categories based on the projected
direction of change in precipitation, surface runoff and soil loss (Table 2.6) following the

41
findings of Pruski and Nearing (2002a, 2002b) and results obtained in the Waseca site
analysis.

Figure 2.4 Predicted average annual precipitation, air temperature, runoff, and soil loss
results (base value, and differences between early century, middle century, and late
century periods and base period) for the A2 emission scenario for the Great Lakes region.

Over the three future periods for the A2 scenario, predicted soil loss increased
mainly in the northern area of the study domain covered by forests, and decreased in the
southern area covered with cropland and woods, particularly around the border between
Wisconsin and Minnesota (Figure 2.4). The percent area contributing to soil loss increased
from a low of 58.3% in the early century period to a high of 66.5% in the middle century
period (Table 2.7). Based on the mechanism categories we found that the main reasons for
soil loss increase over 28% of the study domain were elevated precipitation intensity, over
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22% was the result of increased precipitation amount in the early century period, and over
42% of the study domain experienced soil loss increases primarily due to increased
precipitation amounts in the middle and late century periods (Table 2.8). Soil loss
decreased over 20% of the southern study domain over three future periods because of
elevated air temperature that increased evapotranspiration and reduced soil moisture and
surface runoff.
Soil loss spatial distribution was very similar to that of surface runoff, a primary
factor influencing soil loss generation (Figure 2.4), but the change in surface runoff did not
directly correspond to a change in precipitation. The decrease in surface runoff over the
northern study domain exceeded the increases in surface runoff in the south part so the
spatially averaged runoff decreased throughout all three future periods. Soil loss decreases
in the south of the study domain exceeded soil loss increases to the north, therefore,
spatially averaged soil loss decreased over the three future periods despite the increased
precipitation with statistical significance. Pruski and Nearing (2002b) found that with
significant precipitation increases both surface runoff and erosion rates can be expected to
increase at an even greater rate than the precipitation did. However, this finding did not
apply in our large study domain, as it was based on observed soil loss analysis of 8 small
locations, which did not take spatial variability into consideration even though it was
critically important in soil loss analysis of a large domain. Throughout three future periods,
soil loss of the entire area could have its lowest decrease (4.99%) in the early century period
despite the greatest precipitation increases (8.6%), then, the greatest soil loss decreases
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(18.1%) occurred in the late century period along with the largest air temperature increase
(65.1%).
Soil loss under the A1B scenario had the greatest decrease over the three climate
change scenarios, ranging from 0.9 to 1.8 ton ha-1 yr-1. The spatial difference distribution
of precipitation, air temperature, runoff, and soil loss between historical and future periods
were very similar to those under the A2 scenario (Figure 2.4). The percentage area with
increased soil loss was nearly equal to that with decreased soil loss for all three periods.
Soil loss in the early century period increased mainly because precipitation intensity
increased in the northern parts of the study domain, while decreases were due to reduced
precipitation amounts over the southern study area (Table 2.8). Soil loss increased as a
result of precipitation increases in the northern study domain and decreased in the southern
area because the elevated air temperature decreased runoff generation (Table 2.8). Soil loss
had the least decrease in the early century period (10.4%) associated with a precipitation
decrease (20.7%), and the greatest decrease in the late century period (21.4%) in
conjunction with the lowest precipitation increase (2.36%) and highest air temperature
increase (53.6%). Therefore, under the A1B scenario, attention should be focused on the
southern study domain and soil loss conservation strategies should be implemented for
reducing the effects of increased precipitation amounts in the middle and late century
periods.
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Table 2.6 Eight soil loss groups, based on the direction of change in precipitation, surface
runoff and soil loss, which were used to refine spatial analysis.
Group Precipitation Runoff

Soil loss

Physical Description of Process





Increased precipitation amount generates
more runoff and soil loss.

1



2







Increased precipitation intensity together
with reduced biomass led to more runoff
generation and soil loss production.

3







Temporal variance and increased
precipitation intensity produced less
runoff and more soil loss.



Increased precipitation intensity together
with biomass decrease increases soil loss
generation with decreased precipitation
amount and runoff production.



Temporal variance led to the decreased
soil loss with elevated precipitation
amount and runoff.

4

5









6







Temporal variance together with cold
season processes led to the decreased soil
loss with increased runoff and reduced
precipitation.

7







Elevated air temperature increased
evapotranspiration and decreased runoff
and soil loss.



Decreased precipitation amount together
with reduced biomass produces less
runoff and soil loss.

8
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Table 2.7 Regional average annual change for areas experiencing increasing and
decreasing soil loss for future century periods and three future climate change scenarios.
GHG Emission Scenarios
Future

A2

century

Middle

B1

Increased
Soil Loss

Decreased
Soil Loss

Increased
Soil Loss

Decreased
Soil Loss

Increased
Soil Loss

Decreased
Soil Loss

Area (%)
Soil loss
(ton ha-1 yr-1)

58.3

41.4

54.0

45.1

43.0

56.9

0.9

3.5

1.0

3.1

0.7

1.6

Soil loss (%)

11.4

-44.3

12.0

-37.4

9.6

-20.2

Area (%)
Soil loss
(ton ha-1 yr-1)

66.5

33.3

51.1

47.9

49.4

50.5

0.9

2.7

0.3

4.0

0.4

0.7

Soil loss (%)

11.4

-34.2

3.6

-48.2

5.5

-8.9

Area (%)
Soil loss
(ton ha-1 yr-1)

62.9

37.0

50.6

48.4

44.3

55.6

0.5

5.0

0.1

4.0

0.1

1.6

Soil loss (%)

6.3

-63.3

1.2

-48.2

1.4

-20.2

periods

Early

A1B

Late
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Table 2.8 The dominant soil loss group (group numbers defined in Table 2.6) for each
future period under three climate change scenarios.

Decreasing Soil
Loss

Increasing Soil
Loss

SRES

A2

A1B

B1

Periods

Early

Middle

Late

Early

Middle

Late

Early

Middle

Late

Group

3

1

1

2

1

1

1

1

1

Area%
Soil loss
(ton ha-1
yr-1)

28.44

43.84

42.35

28.85

33.05

25.13

22.89

18.88

22.90

1.1

1.5

1.3

1.3

0.5

0.8

0.9

1.2

0.8

Group

7

7

7

8

7

7

7

8

7

Area %
Soil loss
(ton ha-1
yr-1)

31.34

22.32

28.58

30.09

43.85

25.52

28.55

18.08

39.35

-3.5

-5.8

-5.4

-4.2

-4.6

-5.6

-2.5

-2.2

-3.0

Even though the B1 scenario had the lowest GHG emissions of the three scenarios
used for this analysis, reductions in soil loss under this scenario fell between those of the
A2 and A1B scenarios. The B1 scenario had projected reductions in soil loss throughout
the three future periods with 1.7 ton ha-1 decrease in the late century period and 0.7 ton ha1

decrease for both early and middle century periods (Table 2.5). Spatial distribution of

changes in precipitation, and air temperatures for the B1 scenario were similar to those
under the A2 scenario. Percentage area of soil loss increase was around 45% of the study
domain, which was less than the area of soil loss reduction within nearly 55% of the study
area. Over the three future periods, soil loss increased mainly due to precipitation increases,
while soil loss decreases in the early and late century periods can be attributed to elevated
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air temperature that increased evapotranspiration and decreased runoff in the southern
study domain. Soil loss reduction in the southern area exceeded the soil loss increase of the
northern study domain throughout three periods; therefore, under the B1 scenario much
more attention to soil conservation should be focused on the northern parts of the study
domain, and on reducing the effects of higher precipitation amounts.
In summary, soil losses under the three future climate scenarios decreased
significantly for all three future periods with the A1B scenario experiencing the largest soil
loss decrease once spatial variability was taken into consideration. The A2 scenario had
the smallest reduction in soil loss over the three future periods, with losses offset by around
60% of the study domain experiencing soil loss increases. Under these two scenarios, the
main reasons for soil loss increases were early century increases in precipitation intensity
in the northern study domain, and precipitation amount increases in the middle and late
century periods. Soil loss decreases were related to air temperature increases that
contributed to a decrease in surface runoff in the southern study domain, except for the
early century period under the A1B scenario, which had soil loss decreases as a result of
precipitation decreases.
The high erosion rate in southern Minnesota and Wisconsin, particularly, along
the border between the two states is attributed to the increased topography in the
Mississippi Valley. This is an area with much steeper hillslopes than found elsewhere in
the study domain. In addition, the land use map used for this study was developed
specifically to map changes in forested area (Mao and Cherkauer, 2009) so this region has
been defined as almost exclusively cropland, even when the steepest slopes are most likely
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not being farmed. Additionally, the model setup uses a single management type for
farming, which for this study region was defined as traditional fall chisel tillage. This
combination of factors likely results in an overestimation of the erosion predicted in this
region.

2.4.3

Seasonal analysis of soil loss under climate change

Even though annual average soil loss was projected to decrease under all three
future climate scenarios, this does not mean that the reduction was distributed evenly
throughout the year or that soil losses were only projected to decrease. To identify seasons
with the highest risk of soil erosion, seasonal analysis of soil loss under climate change
was conducted and four seasons were defined: spring (March to May), summer (June to
August), fall (September to November), and winter (December to February).
The spatial distributions of soil loss for the four seasons of each future period are
presented for the A2 scenario (Figure 2.5) and results of the A1B and B1 scenarios were
analyzed and presented in Table 2.8, Table 2.9, and Figure 2.6. Spatial distribution of
seasonal soil loss differences under the A1B and B1 scenarios were very similar to those
of the A2 scenario. The three climate change scenarios were consistent in projecting soil
loss decreases in the summer season (Table 2.9, Figure 2.5). Predicted soil losses increased
in the fall of the A2 scenario, and showed little change in falls of both the A1B and B1
scenarios. Predicted winter erosion increased in small areas in southern Wisconsin and
Michigan under the A2 scenario, with little predicted change in most of the three states
compared to historical winter soil loss. Soil loss changes were more mixed in the spring,
with Minnesota and northern Wisconsin experiencing increase or no change in soil loss in
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most scenarios and most future periods (Figure 2.5). Southern Wisconsin and the Lower
Peninsula of Michigan showed decreases in soil loss in the spring for the A2 and A1B
scenarios, but little change under the B1 scenario.

Figure 2.5 Predicted spatial distributions of annual average soil loss differences for each
season under the A2 emissions scenario for the Great Lakes region (E - early century
period, M - middle century period, L - late century period).

Table 2.9 Seasonal soil loss difference between three future periods and the historical
period under three climate change scenarios and the seasonal change significance among
different climate scenarios.
Soil
Loss∆

Spring (ton ha-1)

Summer (ton ha-1)

Fall (ton ha-1)

Winter (ton ha-1)

SERS

Early

Middle

Late

Early

Middle

Late

Early

Middle

Late

Early

Middle

Late

A2

-0.4

-0.3*

0.1

-0.9*

-1.4*

-2.0

0.5*

1.1*

0.3

0.2*

0.2*

0.2*

A1B

0.2*

-0.8*

-0.3*

-1.2*

-1.1*

-1.8

0.3

0.3*

0.3

-0.1*

-0.1*

0.01*

B1

-0.4

0.5*

0.1

-0.5*

-0.6*

-0.9*

0.2

-0.2*

-0.1*

0.04*

0.1*

0.1*

Note: * - difference is significant at alpha ≤ 0.05 with Wilcoxon Signed Rank tests
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Under the A2 scenario, precipitation was predicted to increase over the study
domain in the fall and winter seasons during the three future periods, and in the springs of
the middle and late century periods (Figure 2.6). Air temperature increased throughout the
year for all future periods. Soil loss increased in fall and winter by 0.5 to 1.1 ton ha-1 (57%
to 115%) and around 0.2 ton ha-1, respectively, due to increases in precipitation depths in
the fall and winter (Table 2.10). In the summer seasons throughout three future periods and
early century springs, soil loss was predicted to decrease by 1.4 ton ha-1 to 2.0 ton ha-1 (47%
to 64%) as a result of predicted precipitation decreases (Figure 2.6, Table 2.9). Middle
century spring soil loss decreased by 0.3 ton ha-1 (7%), mainly due to projected air
temperature increases in southern Wisconsin and Michigan, which resulted in reduced
runoff generation (Figure 2.7). Air temperature increase and runoff reduction were
correlated with soil loss decreases in the late century spring season, but soil loss in the
northern areas increased more than the cumulative decrease in the soil loss to the south;
therefore, the spatial soil loss difference contributed to the soil loss increases in the late
century springs.
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Figure 2.6 Predicted seasonal differences of precipitation, soil moisture (top 10 cm of
soil), runoff, and soil loss for early future time period under the three GHG emissions
scenarios for the Great Lakes region.
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Figure 2.7 Predicted differences in runoff and soil loss in the spring season (March-May)
for the middle and late century periods under the A2 emissions scenario for the Great
Lakes region

Under the A1B scenario, precipitation increased in the spring and fall for all three
future periods, and winter of late century period (Figure 2.6). Air temperature had the
greatest increase in summer and consistently increased throughout the year in all three
future periods. Soil loss increased for falls of all future periods with increases ranging by
0.3 ton ha-1 (Table 2.9) in the area of 51% of the study domain (Table 2.10) due to increases
in both precipitation and runoff (Table 2.6, Table 2.10). Soil loss decreased in summer over
three future periods and springs of middle and late century periods as a result of reduced
precipitation and increased air temperature (Table 2.9, Table 2.10, Figure 2.8). Soil loss
decreased in early and middle century winters by 0.1 ton ha-1 to 1.8 ton ha-1 (31% to 56%),
due to a decrease in snow cover and snow water equivalence, which played the dominant
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role in the soil loss generation process in winter. This occurred despite the projected runoff
increase, because the decrease of snow water equivalence in winter was much greater than
the increase in surface runoff (Sinha and Cherkauer, 2010; Mao and Cherkauer, 2009).

Figure 2.8 Predicted differences in precipitation, air temperature, evapotranspiration, soil
moisture (top 10 cm of soil), runoff, and soil loss in the spring season (March-May)
between the middle century period and base period under the A1B emissions scenario for
the Great Lakes region.

Under the B1 scenario, precipitation over the three future periods decreased in
summers and increased in springs and winters (Figure 2.6). Air temperature increased for
all four seasons in all three future periods, with increases of 1.37°C in early century winter,
1.89°C in middle century summer, and 2.11°C in late century falls. Predicted soil loss
increased during the springs and winters from 0.1 ton ha-2 to 0.5 ton ha-1 (Table 2.9) over
the three future periods, except for early century springs, due to increases in both
precipitation and runoff (Table 2.6, Table 2.10). Soil loss decreased in the summer and fall
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over three future periods by 0.1 ton ha-1 to 0.9 ton ha-1 (Table 2.9), except for falls in the
early century period, due to reductions of precipitation and runoff (Table 2.6, Table 2.10).
In summary, summer soil loss substantially decreased throughout the study area
under all three SRES scenarios in the early and middle century periods because of
reductions in precipitation amount in the Great Lakes region, particularly in southern
Wisconsin and the border region between Wisconsin and Minnesota. Soil loss increased
during the fall and winter for all three future periods under all three climate change
scenarios due to increased precipitation amounts, except for the early and middle century
periods under the A1B scenario where soil loss was reduced due to cold season processes
and precipitation reduction, respectively. Among the three climate change scenarios, soil
loss had the greatest increase under the A2 scenario in fall and winter with losses increasing
from 0.3 ton ha-1 to 1.1 ton ha-1 and around 0.2 ton ha-1 correspondingly. Therefore, the
focus of soil conservation efforts should be on activities in the fall and winter seasons to
reduce the effect of precipitation increases. The A1B scenario experienced soil loss
increases in the fall by around 0.3 ton ha-1 over the three future periods due to increased
precipitation, thus soil conservation activities should be conducted in the fall, perhaps
through use of conservation tillage and / or land cover crops. While soil loss decreased in
summers from 1.1 ton ha-1 to 1.8 ton ha-1 because of decreased precipitation, conservation
activities are also needed, particularly in the southern area of Wisconsin and Minnesota.
For the B1 scenario, soil loss was projected to have the greatest increases in spring relative
to other seasons, and over 80% of the study domain had increased soil loss in winters, thus
soil conservation strategies need to be focused on these two seasons, particularly, in the
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southern study domain. Under the A2 and A1B scenarios, areas with summer soil loss
reduction and fall increases were mainly concentrated on the southern boundary region of
Wisconsin and Minnesota (Figure 2.5) covered by crop land and wood grass land with
highest ET and LAI of a year for crop and grass in the summer and a sharp decrease in the
fall (Mao and Cherkauer, 2009). In addition, this area is dominated by the Mississippi River
valley where there was an increase in topographic variability and in the occurrence
frequency of steep slopes. Land cover and slope gradient make soil loss more sensitive to
climate change through influencing runoff generation process.
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Table 2.10 The dominant soil loss group (group numbers defined in Table 2.6) over three
states for four seasons under three climate change scenarios and three future century
periods together with soil loss change quantity and area percentage.
SERS

A2
Early Middle

A1B
Late

Early Middle

B1
Late

Early Middle

Late

Spring
Soil Loss Group

8

7

Area%
Soil loss
(ton ha-1 yr-1)

41.42

36.87

-1.6

-1.8

3

1

53.79 58.18
1.4

0.9

7
45.17

7

7

32.51 23.01

1

1

59.16

35.94

-2.4

-2.6

-0.8

1.0

0.7

8

8

8

8

8

68.26

73.02

Summer
Soil Loss Group

8

8

Area%

56.53

57.06

-1.9

-2.9

Soil loss (ton ha-1 yr-1)

8

8

81.91 77.25
-2.7

-1.7

47.80

89.12 63.95

-2.4

-2.0

-0.8

-1.0

-1.3

1

1

1

8

8

63.71

33.81

Fall
Soil Loss Group

1

1

Area%

83.88

93.14

Soil loss (ton ha-1 yr-1)

0.9

1.5

1

1

76.56 51.53
0.7

0.4

78.45

84.65 70.98

0.6

0.5

-0.5

-0.4

-0.5

6

1

1

1

1

92.13

89.25

0.3

0.2

Winter
Soil Loss Group

1

1

Area%
Soil loss
(ton ha-1 yr-1)

65.36

86.75

1.2

1.3

1

6

86.57 19.45
1.3

-0.3

28.20
-0.3

49.48 86.62
0.1

0.2
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2.5 Conclusions
Climate change impacts soil loss due to changes in precipitation amounts and
intensities, and air temperatures. The VIC-WEPP soil erosion model was applied at both
the point and regional scales to study the climate change impacts on soil loss in the Great
Lakes region. At the point scale, precipitation amount and intensity were found to be the
primary reasons for increased soil loss at Waseca under the A1B scenario. Air temperature
driven changes in hydrology had more of an effect under the A2 scenario in the early and
late century periods leading to a reduction of runoff and soil loss through decreasing soil
moisture and increasing evapotranspiration. For the B1 scenario, even though increased air
temperatures contributed to the soil loss reduction in the early century period, greater
increases in precipitation amount and intensity resulted in greater soil losses by the middle
and late century periods.
Spatially averaged annual soil loss in the Great Lakes region was projected to
decrease significantly throughout three future periods under all three SRES scenarios as a
result of annual precipitation elevation except during the early century period of A1B.
Under the A2 scenario, predicted soil loss had the lowest decrease from 0.4 to 1.7 ton ha-1
yr-1, with the greatest predicted precipitation increase from 20.12 to 63.47 mm yr-1. Over
the three future periods, projected air temperature elevation was the main influencing factor
leading to the soil loss reduction in the southern study domain, and the precipitation
increase was the primary driving force for the soil loss increase in the northern study
domain which is north and central Minnesota and Wisconsin, the upper Michigan peninsula,
and the northern Lower Michigan peninsula. Soil losses of the A1B scenario experienced

58
the largest decrease taking spatial variability into consideration throughout the three future
periods from 0.9 to 1.8 ton ha-1 yr-1 due to the increase of annual precipitation intensity and
amount in early and two later future periods respectively.
To further find the seasons with highest risks of soil erosion, seasonal analysis was
conducted for each future period over three SRES scenarios. Soil loss increased in falls
throughout three future periods due to precipitation elevation under the A1B and A2
scenarios. A2 had the highest predicted soil loss increase in falls among the three climate
change scenarios by 0.3 to 1.1 ton ha-1. Soil loss decreased in the summers significantly for
all three SRES scenarios due to precipitation decrease, and B1 had the least soil loss
reduction from 0.5 to 0.9 ton ha-1. There were small areas in southern Wisconsin and
Michigan with increased predicted winter erosion under the A2 and B1 scenarios
throughout three future periods, but most of the three states had little predicted change in
winter soil losses compared to historical conditions. Therefore, seasons with the highest
soil loss risks were falls through three future periods in the southern area of the study
domain under the three climate change scenarios.
In the annual time step, much more attention should be paid in the northern area of
the Great Lakes region covered by forests to reduce the effects of precipitation amount on
soil loss. To further reduce soil erosion, soil conservation strategies at the seasonal time
step should also be made in the southern study domain to reduce effects of precipitation
amount such as increasing residue left in the field after harvest.
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CHAPTER 3. DEVELOPMENT OF A COUPLED WEPP-WQ MODEL
3.1 Abstract
Non-point source (NPS) pollutants, especially from agriculture, continue to be a
primary source of water quality degradation problems. Effective land management
decisions at the field scale must be made to minimize nutrient losses that could pollute
streams. Existing NPS models often cannot directly estimate the impacts of different land
management practices or determine the effectiveness of combined Best Management
Practices (BMPs) in a distributed way at the farm scale. In many cases they rely on
application of the Universal Soil Loss Equation (USLE) or its improved versions, which
represent fields in a lumped fashion and using empirical rather than process based modeling
methodologies. Here a coupled Water Erosion Prediction Project and Water Quality
(WEPP-WQ) model is completed, updated, improved and evaluated for simulations of
hydrology, soil erosion and water quality. The WEPP model is a well-established processbased model that simulates runoff and erosion processes from a hill slope. The water
quality components are based on those of the Soil and Water Assessment Tool (SWAT)
model. A single Overland Flow Element (OFE) on a hill slope is used to represent a single
land use management on a hillslope. The WEPP-WQ model is tested by comparing
simulated values from the coupled model with observed nutrient and sediment
concentrations in surface runoff following storm events at an experimental site near
Waterloo in northeastern Indiana and at the Throckmorton Purdue Agricultural Center in
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west central Indiana. Time series evaluation of the WEPP-WQ model was done with
observed nutrient and sediment losses from an experimental plot near Tifton, GA. The
model performed quite well in simulating nutrient losses for single storm events with the
R2 higher than 0.8, Nash-Sutcliffe efficiency (NSE) higher than 0.65, and percent bias
(PBIAS) less than 31% for runoff, sediments, nitrate nitrogen, total nitrogen, soluble
phosphorus, and total phosphorus losses. In predicting time series nutrient loss, the WEPPWQ model simulated nitrate nitrogen losses adequately with the ratio of the root mean
square error to the standard deviation of measured data (RSR) greater than 0.65, NSE
higher than 0.51, and PBIAS greater than -35%. Comparisons between simulated soluble
phosphorus, total phosphorus and literature reviewed results were performed due to the
absence of an available observational dataset. Keywords: WEPP, water quality, modeling,
soil erosion, nitrogen, phosphorus

3.2 Introduction
Non-point source (NPS) pollutants from agriculture are a primary reason for water
degradation, particularly due to nutrients in excess of crop demand that are carried into
streams by overland flow (Michalak et al., 2013; Bosch and Allan, 2008; Murdoch et al.,
2000; Novotny, 2003). As part of a strategy for improving the water quality of surface
runoff by reducing nutrient losses, NPS models have been used to identify critical risk areas
within watersheds and to test the efficiency of best management practices (BMPs) in
reducing pollutants at the watershed outlet (Easton and Peterovic, 2005; Bosch et al, 2012;
Arabi et al., 2007; Chaubey et al., 2010). Many of the models used to date are based on
applications of the Universal Soil Loss Equation (USLE) and its derivative versions, which
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rely on a lumped, empirical method for soil loss estimation in the nutrient loss simulation
process (e.g., models such as GLEAMS, HPSF, SWAT, EPIC, and ADPAT). Such models
have difficulty in simulating multiple land management practices at the field scale and
evaluating the effectiveness of spatially distributed BMPs on nutrient loss reduction, such
as analyzing the effects of upper slope BMPs on the lower half of the same hill slope. Many
of these simpler models treat hillslopes as single units with the same hydrological
conditions, soil properties, topography, and land use management; however, studies have
indicated this is often not the fact in the real world. The literature indicates that overland
flow, subsurface flow, and sediment losses vary at different hill slope positions, therefore,
the risks of nutrient loss at different hill slope positions are not the same in reality (Zheng
et al., 2004; Zhang et al., 2010; Bosch et al., 2012; Huang et al., 2002; An et al., 2013).
Differences in soil and soil moisture conditions with hill slope position can lead to
hydrological variation in runoff generation processes. Easton and Peterovic (2005)
conducted water quality experiments on turf-covered slopes and found that soil moisture
was greater on the upper slope than on the lower slope. The runoff generated was thus
higher for the upper slope than the lower slope due to different infiltration rates and soil
moisture. Bosch et al. (2012) studied the impacts of tillage and slope position on hydrologic
processes at the field scale and the observed data indicated that there were thicker sand
horizons at the surface in the lower hill slope positions than those in the middle section,
and shallower clay contents in the soil profile at the lower landscape positions. Runoff
produced from the plots at the top of the landscape with finer soil textures were observed
to be greater than those at the lower landscape positions with coarser soil textures. Slope
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position and textural differences are possible sources of influence on site hydrology. At the
hill slope scale, physical conditions at the soil surface vary with the topographic position
and cause different hydrologic regimes, including: free drainage, saturation, and seepage
along the hydrologic gradient (Huang et al., 2002; Zheng et al., 2004; Zhang et al., 2010;
An et al., 2013). Free drainage conditions generally occur at the upper back slope, while
seepage conditions represent the hydraulic regime at the middle/lower back slope (Huang
et al., 2002; Zheng et al., 2004; An et al., 2013). Huang et al. (2002) studied the impacts of
hydrologic conditions on soil erosion processes in both field and laboratory plots and found
runoff and sediment production from a hillslope segment are highly variable temporally
and spatially. The shift from free drainage to seepage condition induces a shift from soil
deposition to detachment in the erosion process, and they observed severe rilling under
seepage conditions as it created a transport dominated sediment regime.
Zheng et al. (2004) studied the impact of hydrologic gradients on phosphorus and
nitrogen in surface runoff and found that nitrate (NO3-N) concentration increased
significantly from areas of free drainage to saturated areas and then to the top at the seepage
area. They also found that phosphate (PO4-P) concentrations in runoff water from saturated
and seepage areas were statistically greater than those from the free drainage area, with no
significant differences between the saturated and seepage areas. Saturation and seepage
conditions can also yield greater soil loss and chemical transport than hill slopes under
drainage conditions. An et al. (2013) studied impacts of moisture conditions on nutrient
losses and found that saturation and seepage conditions promoted N and P transport to
runoff. Nutrient concentrations in runoff from artesian conditions were 7.3 to 228.7 times
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greater than those from free drainage regions. For free drainage conditions, nutrients are
leached into the deeper layers of the soil profile with rainfall and infiltration, resulting in
an increased concentration in the 15 to 20 cm soil layer. Under seepage conditions,
nutrients moved with seepage flow to the soil surface and the nutrient concentrations in the
2 to 5 cm soil layer were increased by 10.64% for NO3-N and 32.83% for PO4-P. Particulate
P loss via soil erosion is highly influenced by soil antecedent moisture conditions.
McDowell and Sharpley (2002) demonstrated that the interaction of soil texture and/or type
with hydrological processes within the landscape exert significant controls on P output to
the stream during storm flow, whereas during baseflow, stream sediments control P output.
Hydrologic factors contribute to more effective control measures that can minimize the
chemical loading to surface runoff at both hill slope and watershed scales.
Existing differences in soil texture and moisture at different hill slope positions can
especially influence overland flow generation and subsurface hydrological conditions.
Differences in soil infiltration rate and soil moisture content have been found to result in
significantly greater nutrient mass losses from the lower slope areas, especially when
rainfall was high (Easton and Peterovic, 2005). BMPs function in nutrient loss reduction
through changing the hydrological conditions such as increasing infiltration flow within
constructed vegetative buffer strips; therefore, it is critically important to take different
hydrological conditions into consideration during the process of BMP development and
selection with distributed models. Savabi et al. (2002) developed the regionally applied
Everglades Agro-Hydrology Model (EAHM) for south Florida to assess the effects of
hydrological regime on agricultural production, as an extension of the Water Erosion
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Prediction Project (WEPP) model (Flanagan and Nearing, 1995; Flanagan et al., 2007),
with routines describing agrochemicals fate and transportation, and effects of upward flux
from the shallow groundwater table taken from the Soil and Water Assessment Tool
(SWAT) model (Arnold et al., 1998). EAHM has been applied to study the impacts of soil
amendments on water quality in South Florida (Savabi et al., 2005). EAHM is a regionally
applied model, therefore, Savabi et al. (2011) worked on developing a more widely used
model through coupling the hydrology and soil erosion processes in the WEPP model and
the water quality algorithms from SWAT model. The original coupled model was tested
on hydrology balance and presented as a conference poster (Savabi et al., 2011).
The focus of this paper is to present the development of WEPP-WQ model, and to
evaluate this model on several field experiment plots. The WEPP-WQ model is based on
the initial work of Savabi et al. (2011), but completes the integration between the latest
versions of WEPP and SWAT, as well as introducing input files for fertilizer application
managements, soil chemical initial conditions, and datasets of crop, fertilizer, and pesticide
parameters. Here we focus on application to a single Overland Flow Element (OFE) on a
hillslope. This is the fundamental spatial unit used by the WEPP model, and compares
directly with the selected field experiments. The WEPP-WQ model was tested with
observed nutrient and sediment concentrations from storm events at an experimental site
near Waterloo, IN and time series datasets from natural rainfall events at an experimental
site near Tifton, GA.
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3.3 Materials and methods
3.3.1

WEPP-WQ model development

The WEPP-WQ model couples the hydrology and soil erosion process based Water
Erosion Prediction Project (WEPP) model with Water Quality (WQ) algorithms extracted
from SWAT 2012 (Arnold et al., 1998). The WEPP model is a distributed hydrologic and
soil erosion model designed for predicting runoff, soil detachment and deposition, and
sediment yield along a hill slope profile (Flanagan and Nearing, 1995; Flanagan et al., 2007;
Flanagan et al., 2012). By tracking sediment movement down hill slopes in individual
storm events, soil loss can be estimated both temporally and spatially. The WEPP model
is applied at hill slope scale based on a fundamental solution unit called an overland flow
element (OFE), where each OFE represents a hill slope segment with homogenous soil
properties and land management (Figure 3.1). The water quality algorithms employed in
the WEPP-WQ model originally were derived from SWAT 2002 but are upgraded to the
algorithms from the more recently released SWAT 2012 version in this chapter. These
algorithms describe nitrogen and phosphorus cycling processes between different status
pools in the soil column, nutrient overland flow transportation processes in both soluble
and sorbed forms, and nutrient infiltration processes.
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Figure 3.1 WEPP hillslope project with a single OFE (top) and with multiple OFEs
(bottom)

Nitrogen cycling processes are represented with five pools: two for mineral and
three for organic nitrogen pools (Figure 3.2). Nitrogen is input into the agricultural system
through application of fertilizers in both organic and inorganic forms, precipitation, and
residues. Losses are controlled by overland flow, leaching, lateral flow/tile drainage (if
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tiles are installed), movement of sediments, plant uptake, volatilization, and denitrification
processes. Nitrate nitrogen (NO3-N) is the only assigned form that can be utilized by crops
in the water quality model, and fertilizer inputs to a field will be the mineralized nitrogen
form or transferred into it to ensure that crop demand is satisfied at the largest extent.
Nitrogen from residues starts as fresh organic nitrogen and moves to the active organic and
mineral organic pools through the decay and mineralization processes, respectively, and
from the ammonia form through nitrification (Table 3.1).

Figure 3.2 Transformations between different pools for Nitrogen and Phosphorus (SWAT
documentation, Arnold et al., 1998)
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Table 3.1 Nitrogen and phosphorus balance in a WEPP-WQ model overland flow
element (OFE).
Nitrogen
1

NO3-/NO2-

2

NH4+

3

Stable organic N

Loss
Organic N with sediments

NO3 with runoff
NO3 through percolation

Gain
Fertilizer
NO3 in
precipitation
Fixed Nitrogen

4

Active organic N

NO3 through denitrification

5

Fresh organic N

NO3 through crop uptake

6

Labile P

Mineralized P with runoff

Fertilizer

Mineralized active P

Mineralized P with crop
uptake

Residue

Mineralized stale P

Mineralized P with
sediments

9

Stable organic P

Organic P with sediments

10

Active organic P

11

Fresh organic P

7

8

Residue

Phosphorus cycling is represented with six pools, three each for mineralized and
organic P. Phosphorus is introduced to the model through the application of fertilizers and
residues after harvest. Similar to nitrogen, phosphorus in residues is redistributed to the
active organic pool and mineral pools through decay and decomposition processes,
respectively. These processes are limited to the top soil layer. Phosphorus leaves the field
system through overland flow, sediment transport, and plant uptake.

73
The WEPP model provides estimates of overland flow, lateral flow/tile drainage (if
subsurface tile drains are installed), seepage, and base flow to the water quality module to
simulate nutrient movement and estimate losses. The water balance for the slope profile
includes precipitation, infiltration, deep seepage, percolation, subsurface lateral flow,
overland flow, soil evaporation, and plant transpiration (Flanagan and Nearing, 1995).
Overland flow is generated based on the rainfall excess estimation, when precipitation rate
exceeds infiltration capacity and after the depression storage has been satisfied. Infiltration
into soil layers is simulated using the Green-Ampt Mein-Larson (GAML) equation, and
evapotranspiration is calculated through the application of the Penman or PenmanMonteith equation.
The WEPP model makes use of up to ten soil layers, the top two with thicknesses
of 100 mm each and subsequent lower layers with thicknesses of 200 mm each. In each
layer, water content exceeding the corresponding field capacity is subjected to percolation
down through the succeeding layer. Percolation is estimated using a storage-routing routine
to predict flow through each soil layer in the root zone based on layer specific soil
properties. Percolation water from upper layers can contribute to lateral subsurface flow,
subsurface tile drainage, and evapotranspiration (Flanagan and Nearing, 1995), and is
considered lost from the evapotranspiration processes when it has moved below the root
zone. Subsurface lateral flow and flow to subsurface drainage tile is also considered a loss
from the current OFE. Lateral flow is simulated as the product of soil moisture, horizontal
hydraulic conductivity and average slope angle, using the physically-based kinematic wave
storage–discharge model developed by Sloan and Moore (1984). This process influences

74
overland flow generation and soil erosion processes by affecting water table depth. The
subsurface tile drainage subroutines are drawn from DRAINMOD (Skaggs, 1978)
accounting for soil conductivity, drain spacing and depth, soil depth, and water table
elevation based on the assumption that tile is installed in the saturated zone. When the
simulated drainage flux exceeds the drainage coefficient, the flux is set equal to the
drainage coefficient. All subsurface flows including lateral flow are estimated for each soil
layer, correspondingly.
Nitrogen removed in surface runoff is simulated through multiplying surface runoff,
mobile water concentration and the nitrate percolation coefficient (Moriasi et al., 2013).
Nitrogen concentration in mobile water is calculated to estimate the nitrogen moved in
three paths (Arnold et al., 1998). The equation is provided in the SWAT documentation,
taking into consideration the amount of nitrate, mobile water, and saturated water content
of the soil layer. For the top 10 mm of the soil column, mobile water is surface runoff,
lateral flow and percolation, for lower soil layers, the mobile water contains lateral flow
and percolation.
𝑁𝑂3𝑠𝑢𝑟𝑓 = 𝛽𝑁𝑂3 ∗ 𝑐𝑜𝑛𝑐𝑁𝑂3 ,𝑚𝑜𝑏𝑖𝑙𝑒 ∗ 𝑄𝑠𝑢𝑟𝑓

(1)

where 𝛽𝑁𝑂3 is the NO3-N percolation coefficient, 𝑐𝑜𝑛𝑐𝑁𝑂3,𝑚𝑜𝑏𝑖𝑙𝑒 is the NO3-N
concentration in mobile water (kg N/mm H2O), and 𝑄𝑠𝑢𝑟𝑓 is surface runoff (mm H2O).
Nitrate transport in subsurface lateral flow of the top soil layer is calculated through
changing variables in the previously provided equation (1). Nitrogen in lateral flow for
lower layers is simulated in the same way through substituting the surface runoff with
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lateral flow. Nitrate removed in percolation flow is calculated by multiplying the NO3-N
concentration of mobile water in each soil layer with percolation. Nitrogen loss from the
tile drainage is estimated using the product of drainage water and the nitrogen
concentration of mobile water in the soil layer with tiles installed.
Crop uptake is another primary pathway for nutrient loss from an OFE. The plant
growth module in the WEPP model is used to predict the temporal changes to plant and
residue variables, providing canopy cover and height to estimate interrill soil detachment,
and residue amount remaining after harvest to the residue decomposition and management
component (Flanagan and Nearing, 1995, Chapter 8). Plant growth is described through
biomass production and leaf area development for both annual and perennial crop
simulations. Within the WEPP-WQ model, crop nutrient uptake process is coupled to the
plant growth module. Daily heat unit accumulation or the user designated crop
management is used as the biomass production scheduling sign. Potential biomass
production is estimated using the method of Montieth (Monteith, 1972; Ross, 1975) which
uses intercepted photosynthetically active radiation (PAR) and a crop specific radiation use
efficiency to account for leaf area index (LAI) development following an empirical leaf
area development curve. Nutrient uptake by the plant is based on the plant’s potential
nutrient demand and soil nutrient availability, where availability reduces nutrient uptake
from the potential nutrient requirements characterized in different plant life stages
(emergence, development, and maturity). Nutrient stresses including nitrogen and
phosphorus stresses are added as growth limitations in addition to water and air temperature
stresses. Crop yield was estimated from the production of cumulative above-ground live
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biomass and an adjusted harvest index that accounts for the impacts of stresses of water,
air temperature, nutrients, drought sensitivity, crop stage, and daily heat units.
The erosion model provides sediment losses that are used to estimate the organic
nitrogen and phosphorus attached to sediments. The WEPP model estimates soil loss with
algorithms describing soil erosion processes including soil detachment, sediment transport,
and sediment deposition accounting for the impacts of soil characteristics, tillage,
consolidation, ground cover, canopy cover, residue cover, and cycles of soil freezing and
thawing (Flanagan et al., 2012). Organic nitrogen attached to soil particles could be
transported by runoff to streams. Therefore, organic nitrogen loading is associated with
sediment loading and changes in sediment loading will be reflected in the organic nitrogen
loading. The quantity of organic nitrogen attached to sediments is calculated as the product
of organic nitrogen concentration of the soil surface in the top soil layer, sediment yield,
and nitrogen enrichment ratio (McElroy et al., 1976; Williams and Hann, 1978).
𝑠𝑒𝑑

𝑜𝑟𝑔𝑁𝑠𝑢𝑟𝑓 = 0.001 ∗ 𝑐𝑜𝑛𝑐𝑜𝑟𝑔𝑁 ∗ 𝑎𝑟𝑒𝑎

𝑜𝑓𝑒

∗ 𝜀𝑁:𝑠𝑒𝑑 (2)

where 𝑜𝑟𝑔𝑁𝑠𝑢𝑟𝑓 is the amount of organic nitrogen in surface runoff (kg N/ha), 𝑐𝑜𝑛𝑐𝑜𝑟𝑔𝑁
is the concentration of organic nitrogen in the top 10 mm (g N/metric ton soil), 𝑠𝑒𝑑 is the
sediment yield on a given day (metric tons), 𝑎𝑟𝑒𝑎𝑜𝑓𝑒 is the area of one overland flow
element, and

𝜀𝑁:𝑠𝑒𝑑 is enrichment ratio, which is defined as the ratio between

concentrations of organic nitrogen transported with the sediment to the concentration in
the soil surface layer (Menzel, 1980). Volatilization and denitrification are two additional
nitrogen loss pathways represented for agricultural fields. Volatilization is where nitrogen
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leaves the ammonia pool as a gas. This process is influenced by soil temperature and soil
depth, and can happen in every soil layer under proper conditions, specifically when soil
temperature is higher than 5oC. Denitrification is the process by which nitrate leaves the
mineralized nitrogen pool, and happens under anaerobic conditions. The process is a
function of water content, temperature, and the availability of a carbon source and nitrate.
Soluble phosphorus lost through overland flow is estimated with the followed
equation due to low mobility of solution phosphorus (Arnold et al., 1998).
𝑄𝑠𝑢𝑟𝑓 ∗𝑃𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛,𝑠𝑢𝑟𝑓

𝑃𝑠𝑢𝑟𝑓 = 𝜌

(3)

𝑏 ∗𝑘𝑑,𝑠𝑢𝑟𝑓 ∗𝑑𝑒𝑝𝑡ℎ𝑠𝑢𝑟𝑓

where Psurf is the amount of soluble phosphorus lost in surface runoff or overland flow (kg
P/ha), psolution,surf is the amount of phosphorus in solution in the top 10 mm of the soil profile
(mm), Qsurf is the amount of surface runoff as a depth (mm) on a given day,  b is the bulk
density of the top 10 mm of the soil column, depthsurf is the depth of soil surface layer (mm),
and kd,surf is the phosphorus soil portioning coefficient (m3/Mg).
Phosphorus transport when attached to sediments in surface runoff is calculated
with the following equation.

SedPsurf  0.001  ConCsedP 

sed
  P:sed
areahru

(4)

where SedPsurf is the amount of phosphorus transported with sediment to the main channel
in surface runoff (kg P/ha), concsedP is the concentration of phosphorus attached to sediment
in the top 10 mm of soil (g P/ metric ton soil), and is found using the equation
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concsedP  100 

(min Pact .surf  min Psta ,surf  orgPhum,surf  orgPfrsh ,surf )

b  depthsurf

(5)

where minPact,surf is the amount of phosphorus in the active mineral pool (kg P/ha),
minPsta,surf is the amount of phosphorus in the stable mineral pool (kg P/ha), orgPhum,surf is
the amount of phosphorus in the humic organic pool (kg P/ha), and orgPfrsh,surf is the fresh
organic pool (kg P/ha), and all variables refer to the soil surface layer.
The value for εP:sed from Equation 4 is calculated using

 P:sed  0.78  (concsed ,surq )0.2468

(6)

where concsed, surq is the concentration of sediments in surface runoff (Mg sed/m3 H2O) and
is calculated using

concsed , surq 

sed
10  areaofe  Qsurf

(7)

where sed is the sediment yield on a given day (metric tons), and Qsurf is the surface runoff
on a given day (mm).
The Nitrogen percolation coefficient, phosphorus soil partitioning coefficient,
phosphorus sorption coefficient, and the residue decomposition rate are sensitive
parameters that need to be adjusted during the calibration and validation processes. Also
introduced with the WEPP-WQ module are a fertilizer application management file, and a
soil chemistry initial condition file. The fertilizer application management file includes the
fertilizer application date, type, quantity, and nutrient composition in both mineral and
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organic forms. Databases of fertilizers and crops from SWAT model version 2012 have
been integrated into the WEPP-WQ module, thus users can make use of pre-defined
fertilizer types, or manually input new fertilizers, and assigned crop parameters like harvest
index and maximum potential leaf area index. Initial conditions for soil chemistry are
contained in the other water quality input file that contains parameters required in the
nutrient transportation process (Figure 3.3).

Figure 3.3 The structure of the WEPP-WQ model.

Output from the water quality module is provided in three ASCII text files. The
first contains information on nutrient loss, including the time series of the daily mass
balance components for nitrogen and phosphorus. The second file contains information on
the amount of nutrients existing in each layer in the soil column: NO3-N, ammonia, organic
nitrogen, soluble phosphorus, and organic phosphorus. The file also contains information
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on nutrient losses through the various runoff pathways: NO3-N, organic nitrogen attached
to sediments, nitrogen lost though denitrification, nitrogen in percolation water, dissolved
phosphorus, and organic phosphorus attached to sediments. The third output file contains
the concentration of pesticides in surface runoff, infiltrated water, and those sorbed to
sediments. The pesticide code is present in the WEPP-WQ model, but was not evaluated
in this study.

3.3.2 Model calibration and evaluation
With integration of the water quality algorithms into the WEPP model complete,
the next step was to evaluate the model’s performance in simulating nutrient losses. As
nutrient losses are strongly correlated with surface runoff and sediments lost, WEPP-WQ
model was first calibrated against observed runoff and soil losses from a single hill slope.
Calibration was completed following the method outlined by Flanagan et al. (2012) and
focused on the parameters controlling rill erodibility (Kr), interrill erodibility (Ki), critical
hydraulic shear stress (τcrit), and Ke (effective hydraulic conductivity). Once predicted
surface runoff and soil erosion are determined to be reasonable, the water quality
parameters were calibrated based on the ranges provided by SWAT CUP (2012) (Arnold
et al., 1998).
For this evaluation, the model was used to simulate surface runoff, nitrogen and
phosphorus losses in surface runoff. Soil loss calibration was conducted first if the
observed sediment loss dataset was available due to its influence on P transportation.
Phosphorus loss calibration was conducted prior to nitrogen loss calibration. The WEPPWQ model performance in estimating nitrogen and phosphorus losses generated by single
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storm events in the calibration and validation periods were evaluated using the coefficient
of determination (R2), Nash-Sutcliffe Efficiency (NSE; Nash and Sutcliffe, 1970), and
Percent bias (PBIAS; Gupta et al., 1999). Model simulation performance for continuous
time series precipitation records was evaluated with RMSE-observations standard
deviation ratio (RSR; Legates and McCabe, 1999) instead of R2 (along with the two other
parameters) as RSR is the most frequently used statistical parameter for these types of tests
(Moriasi et al., 2007). The following are the equations for each statistical parameter used:
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is the ith observation, Yi

sim

is the ith simulated value, Ymean is the mean of

observed data, n is the number of dataset. Moriasi et al. (2007) listed the general
performance ratings for the three statistical parameters at monthly time step. In general, it
is regarded as satisfactory when RSR is smaller than 0.6, and NSE is greater than 0.5.
PBIAS is satisfied if it falls within the range of ±25% for stream flow, ±55% for sediment,
and between ±40 and ±70% for pollutant (N and P) losses.
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3.3.3

Evaluation datasets

Observational data from three field sites were used to evaluate the WEPP-WQ
model for uniform hillslope / single OFE applications. The first two datasets include
measurements of nutrient loss in surface runoff during storm events by rainfall simulators
with fixed precipitation intensities. The third field site included measurements of nutrient
loss under natural precipitation in a continuous time series rather than event based format.
The first field site is described in Smith et al. (2007a) and was operated to study the
long-term impact of no-tillage on soluble nutrient losses in runoff and contains
observations from two adjacent fields near Waterloo, IN, US (Figure 3.4a). Two plots were
constructed in or adjacent to crop fields, each with a length of 2 m and a width of 1 m under
no-till management. Sites were dominated by Glynwood and Blount silt loam soils.
Fertilizer was applied to the plots at rates of 224 kg N ha -1 and 112 kg P ha-1. The first
simulated rainfall event was applied one day after the fertilizer application for each plot,
and lasted for a total of 95 minutes with four changes in intensity: 50 mm h-1 for the first
50 min followed by three 15 minute applications at rates of 75, 25 and 100 mm h-1. Runoff
was collected every 5 minutes starting 20 minutes after the start of the simulated rainfall,
and 35 minutes after sampling started it continued with a sampling frequency of every 3
minutes. Slopes for the two plots were an average of 5%, and they were located on a glacial
till plain with steepness ranging from 2-10%. Soil chemical and physical characteristics
can be found in Smith et al. (2007a).
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a.

b.

Figure 3.4 Locations of the three field sites used for WEPP-WQ model evaluation.

The second field site was located at the Throckmorton Purdue Agricultural Center
(TPAC), which is located 8 km south of Lafayette, IN (N 40.30o, W 86.89o). Details of the
setup and experiments can be found in Smith et al. (2007b), but for clarity in our discussion,
we briefly described the study here. The site included 15 plots covered by tall fescue grass
on silt loam soils. Each plot was made up of 4 sub-plots with widths of 0.75 m and lengths
of 2.0 m. To clarify the impact of time to first runoff event on nutrient losses from fields
with manure and fertilizer applications, Smith et al. (2007b) applied four types of fertilizers
to four sub-plots within each plot. Each application was set to 35 kg P ha-1 and the 15 plots
were divided into three groups randomly. Fertilizer applications for all three groups were
conducted on the same day. For each 5 plots in one group, precipitation was simulated
using the same rainfall intensity of 100 mm h-1 for 30 minutes, but was conducted at 1, 4,
8, 15, and 29 days after fertilizer application for each plot. For each simulated precipitation
event, eight discrete measurements of surface runoff were collecting starting 2 minutes
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after continuous surface runoff was observed and every 4 minutes after that until 30
minutes had passed. Water samples for each of these sample times were tested for soluble
P and N in the laboratory with an ICP-OES and a Konelab Aqua20 (Thermo Electron Corp,
Franklin, MA), respectively. Average values of surface runoff, NO3-N and soluble P for
the five replicate sub-plots were used to evaluate the simulated precipitation event. For this
project, aimed at evaluating the WEPP-WQ model simulation performance of nutrient loss
in single storm events, one dataset should be enough to complete the evaluation process,
therefore, the dataset collected from the 15 sub-plots with applied poultry litter were chosen
for simulation. Additionally, the observed nutrient losses from the three group sub-plots
with swine manure applied were physically close to each other. Data for this site includes
soil physical properties provided by the Natural Resources Conservation Service (NRCS)
including percent sand, percent clay, cation exchange capacity (CEC), and permeability of
the Octagon silt loam at TPAC. Soil chemical properties, including mineralized and
organic Nitrogen and Phosphorus, were determined from samples collected from TPAC
plots for each soil layer. The initial soil moisture is important for simulating the
experiments, thus climate data before the experiment conduction date were obtained from
the weather station at the Purdue University airport in West Lafayette, IN and downloaded
from the NOAA Summary of the Day (SOD) database for the years 2003-2005. The climate
data was used to run the model continuously between events to make sure that antecedent
soil moisture, and fescue growing status were close to the actual field conditions under
which the field experiments were conducted. Simulated rainfall events at the field site were
applied to the plots in May and June of 2004 so that the model would correctly simulate
the experiments. The surface runoff and nutrient losses averaged from two of three groups
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were used to calibrate the WEPP-WQ model and the dataset of the remaining group were
used for model validation.
The third field site is described in Bosch et al. (2015) and was used to study the
impact of tillage methods on nutrient loss in runoff and contains observations from six
plots at the Gibbs Research Farm (N 31.44o, W 83.59o) in Tifton County, Georgia, USA
(Figure 3.4b). The six plots were separated randomly into two groups, where each group
has one of two different tillage methods applied: strip tillage and conventional tillage. In
this project, the observed runoff and nutrient loss in runoff from plot 1 of the conventional
tillage group was selected for two reasons. The first reason is that the observed dataset was
collected from 2004 to 2008 and was composed of wet years (2005 with 1488 mm of
precipitation and 2008 with 1361 mm) and dry years (2007 with only 910 mm), and
therefore the length of observational record for plot 1 is suitable to complete the evaluation
process. Secondly, the nutrient loads in runoff sampled from plot 1 that was managed with
conventional tillage were larger than those sampled from the other plots with strip tillage,
so the expected model simulation results should be larger and clearer.
Plot 1 was 59 m long, 23 m wide, and had a 3% uniform slope gradient. Climate
data including daily precipitation, wind speed and direction, relative humidity, air
temperature, vapor pressure and solar flux were measured at the weather station at the farm
from January 2004 to December 2008. The local soils are identified as Tifton loamy sand
and Carnegie sandy loam. Tifton loamy sand can extend about 200 cm deep, while the
Carnegie sandy loam was less than 50 cm thick. The plots are in a field with a cotton and
peanut crop rotation, and details of the field management can be found in Bosch et al.
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(2015). Fertilizers were applied in cotton years (Table 3.2). Surface runoff was monitored
continuously by H-flumes equipped with pressure transducers (Bosch et al., 2005) to record
flow depth, beginning in March 1999. Water samples collected were sent to the USDAARS Southeast Watershed Research Laboratory for quantifying the nutrient concentrations.
An observed dataset of tile drainage and nutrient concentrations in the tile water for the
three conventional tillage plots was also available, therefore, it was used in this project as
a supplement for studying hydrological differences between different hill slope sections
through comparing 1/3 of the observed tile drainage and nutrient loads with the simulated
tile drainage and nutrient load of plot 1. The WEPP-WQ model was utilized to simulate
the surface runoff and nitrogen concentration of runoff in a time series format.
Table 3.2 Annual fertilizer application to plot 1 at the Tifton, GA field site.
year

crop

Source

Fertilizer
(kg/ha)

Nitrogen
(kg/ha)

Phosphorus
(kg/ha)

2005

Rye/cotton

Poultry Litter
Granular (4 times)

4858.9

227.5

37.8

2007

Rye/Cotton

Poultry Litter
Granular (3 times)

4709.2

202.2

57.0

2009

Rye/cotton

Granular (3 times)

823.8

105.2

0

3.4 Results and Discussion

3.4.1

WEPP-WQ evaluation of single storm events

The WEPP-WQ model simulation performance was evaluated by comparing the
simulation dataset with observations from two simulated rainfall events in Waterloo, IN,
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and 10 simulated storm events in TPAC. For runoff, sediment, nitrogen, total nitrogen,
soluble phosphorus, and total phosphorus statistical evaluation results including R2, NSE
and PBIAS were listed in Table 3.3 These were found to be acceptable according to the
criteria established by Moriasi et al. (2007).
Table 3.3 Calibration and validation statistical evaluation results for the WEPP-WQ
model for single storm events in Waterloo and TPAC in IN, and model statistical
evaluation results for Tifton, GA.
sites

Calibration

Validation

Waterloo, IN

R2

NSE

PBIAS

R2

NSE

PBIAS

runoff

0.87

0.74

4%

0.84

0.50

1%

sediments

0.89

0.77

10%

0.84

0.66

10%

nitrate nitrogen

0.97

0.67

0%

0.90

0.82

4%

soluble
phosphorus

0.96

0.82

20%

0.92

0.63

total nitrogen

0.86

0.53

43%

0.93

0.86

8%

total phosphorus

0.86

0.64

31%

0.89

0.63

13%

TPAC, IN

R2

NSE

PBIAS

R2

NSE

PBIAS

runoff

0.84

0.68

8%

0.78

0.76

-1%

nitrate nitrogen

0.98

0.72

1%

0.98

0.77

6%

soluble
phosphorus

0.83

0.66

24%

0.87

0.71

20%

Tifton, GA

RSR

NSE

PBIAS

runoff

0.62

0.62

-24%

sediments

0.70

0.51

-11%

nitrate nitrogen

0.65

0.58

-34%

24%
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The first evaluation was conducted with two single storm events on the two no-till
management plots with 4 different precipitation intensities for each plot in one single storm
event. As no temporal processes like denitrification, crop nitrogen/phosphorus uptake,
residue decomposition, and decay were involved in this simulation, parameters controlling
the three processes are set to their default values. Parameters influencing the partitioning
of nitrogen and phosphorus concentration with surface runoff and percolation, such as the
nitrogen percolation coefficient, phosphorus percolation coefficient, and phosphorus soil
partitioning coefficient are adjusted for nutrient loss simulation with the WEPP-WQ model
(Table 3.4). As the differences between the two plots in slope, soil properties, land cover
and management do not cause differences in runoff, sediment, or nutrient simulations, a
single simulation dataset was compared with two runoff events in runoff, sediments, NO3N, TN, soluble P, TP. Figure 3.5a shows observed runoff for each interval within the whole
rainfall process for the two plots and the simulated runoff by the WEPP-WQ model. Runoff
had a strong relationship with rainfall intensity, as runoff between the 62th and 75th minutes
dropped to the bottom in during the entire storm with an intensity of 25 mm/hr, and reached
a peak rate with 100 mm/hr rainfall between the 83rd and 95th minutes. Surface runoff was
the carrier of lost sediments, therefore, sediment results are similar to surface runoff (Figure
3.5b). According to the simulation metrics, both runoff and sediments are well simulated
(Table 3.3).
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Table 3.4 Parameters calibrated in the WEPP-WQ model and model settings with three
observed datasets.
Parameter

Description
Rate factor for
mineralization of the
humus active organic
nutrients (N)
Residue decomposition
coefficient

Range

Calibrated Calibrated Calibrated
(Tifton) (Waterloo) (TPAC)

0.0010.003

0.003

0.02-0.1

0.05

0.05

Nitrogen percolation
coefficient
Denitrification threshold
water content
Phosphorus percolation
coefficient
Phosphorus soil
partitioning coefficient
Phosphorus sorption
coefficient
Critical shear stress

0.01-1.00

0.01

0.08

1.30

1.3

1.3

10-17.5

17.5

10.5

17.5

175

175

90

175

0.42

0.04

0.5-8

4.2

5.5

3.51

EHS

Effective hydraulic
conductivity

0.1-60.0

5.0

0.3

IE

Interrill erodibility

0.512E006

0.75E006

4.42E006

RE

Rill erodibility

0.001-0.05

0.012

0.02

CMN

RSDCO
NPERCO
SDNCO
PPERCO
PHOSKD
PSP
CSS

-

0.01-0.7

0.6

0.001

0.003

0.1
0.01

----
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Figure 3.5 WEPP-WQ model calibration and validation results with single storm events
from Waterloo, IN.

Nitrogen loss in surface runoff begins with a high loading that decreases gradually
through the rainfall event (Figure 3.5c). Simulated nitrate nitrogen loadings in surface
runoff for each phase during the rainfall process are very close to the two observed datasets
(Table 3.3, Figure 3.5a). The WEPP-WQ model simulated nitrate nitrogen lost in surface
runoff with the equation using nitrogen concentration in mobile water times the runoff. The
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total nitrogen loss simulations also indicate a decreasing trend through the rainfall events
(Figure 3.5d). The equation estimating organic nitrogen loss with sediments accounts for
sediment loss and enrichment but ignores the impact of soil moisture of the top soil layer
on the organic nitrogen concentration. Therefore, the trend of simulated organic nitrogen
attached to sediments (which is not shown in this paper) was very similar to that of the
sediments. However, as nitrate nitrogen accounted for the greatest proportion of total
nitrogen, total nitrogen loss was similar to that of nitrate nitrogen loss in the surface runoff.
Total nitrogen loss for the entire event was well simulated, as the sum of total nitrogen lost
in each phase was very close to the observed total phosphorus loss for both plots. Predicted
soluble phosphorus losses in surface runoff were compared directly with the measured
accumulated loadings (Figure 3.5e). During the rainfall events, soluble phosphorus losses
were somewhat overestimated, however, the point representing comparison of the highest
accumulated loadings for both simulated and observed loadings was close to the 1:1 line
indicating that for the entire rainfall event soluble phosphorus loss was well simulated.
Accumulated total phosphorus over the first five intervals and last five intervals were
selected to compare with the observed total phosphorus (Figure 3.5f). Acceptable statistical
results were obtained for both soluble phosphorus and total phosphorus losses (Table 3.3).
Phosphorus attached to sediments in surface runoff were simulated with the sediment
loading and phosphorus concentration listed in equation 4, however, according to the
SWAT documentation, the phosphorus concentration is obtained with the total phosphorus,
soil depth, and bulk density of the first soil layer instead of being calculated with all mobile
water involved. Therefore, the influence of soil water is not considered in the simulation
of organic phosphorus attached to sediments. Without considering the soil water impacts
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on the phosphorus concentration, simulations of both soluble phosphorus and total
phosphorus were overestimated during the process of a storm event. Over time, soil water
impacts on phosphorus concentration decreased and the simulated soluble phosphorus and
total phosphorus for the entire storm event were close to the observed values. The equation
estimating phosphorus concentration did not take soil water impacts into consideration,
therefore, this error should be regarded as an inner deficiency in the water quality module
as experimental data analysis indicated a large influence of soil moisture on organic
phosphorus loss besides soil loss. The WEPP-WQ model performance in simulating
soluble phosphorus and total phosphorus losses for entire storm events was good, even
though within-storm loadings were poor at times.
The model evaluation at TPAC was completed with 5 storm events for model
calibration, and another 5 storm events for validation. The model was used to simulate
runoff, nitrogen and soluble phosphorus losses during the simulated storm events.
Simulated and observed surface runoff were compared in Figure 3.6a with decent statistical
results (Table 3.3) after parameter adjustment (Table 3.4). Estimated nitrogen lost with
surface runoff on days after fertilizer application were close to the observations from the
two plots. As the experiments were conducted in a fast growing stage of fescue grass, and
the days when simulated rainfall application were different among the 5 simulated storms,
the fescue growth process was described by the WEPP-WQ model including biomass
generation, accumulation, and nitrogen uptake. Statistical analysis (Table 3.3) indicated
that nitrogen loss was reasonably well simulated. Smith et al. (2007b) studied the impacts
of time between fertilizer application and first runoff event on nutrient concentrations in
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surface runoff and found that the concentration of NO3-N increased as the time period
between application and rainfall increased because of mineralization and nitrification of
organic nitrogen. Soluble phosphorus loadings decreased with the increase of duration
between fertilizer application and the first rainfall-runoff event because of the fertilizer
application method and rate (Smith et al., 2007b). Poultry litter was applied as a dry
fertilizer with large particles and low soluble phosphorus. Soluble phosphorus was released
with runoff during wetting and breakdown of litter clumps in the one day interval event,
and it increased from the 4 day interval event to 29 day interval event mainly due to the
organic phosphorus mineralization (Smith et al., 2007b). Based on the calibrated water
quality parameter setting (Table 3.4), soluble phosphorus loadings in surface runoff were
well simulated (Table 3.3).

Figure 3.6 WEPP-WQ model calibration and validation results with single storm events
from TPAC, IN.

3.4.2

WEPP-WQ model evaluation of storm events with time series

The WEPP-WQ model was utilized to simulate runoff, mineralized and organic
nitrogen, soluble phosphorus and insoluble phosphorus losses in runoff for a continuous
simulation for plot1 at the Gibbs research farm near Tifton, GA. Analysis of simulated
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nutrient outputs are conducted for both runoff and sediments, Nitrogen and Phosphorus are
generally added in as fertilizers and removed by runoff, sediments and plant uptake.
According to the SWAT model documentation (Arnold et al., 1998), agricultural
systems will have nitrogen and phosphorus balanced between gains and losses over the
long term. Therefore, the initial soil chemical conditions for nitrogen and phosphorus
concentrations in the top 10 soil layers were set with default values in SWAT model
documentation as input to the water quality model. Water quality parameters that
commonly needed to be adjusted were listed in Table 3.4, together with the calibrated
values for plot 1 at Tifton, GA. Model inputs and simulations from 2000 to 2003 were used
for model warm-up. Results were analyzed from 2004 to 2008. Observed nutrient losses
from plot 1 were used to evaluate the WEPP-WQ model performance from 2004 to 2008.
Observed runoff, sediment loss, and nitrogen load in surface runoff were compared against
WEPP-WQ model simulated values using a monthly time step. Model performance was
evaluated using RSR, PBIAS, and NSE (Table 3.3) and the model performance was
satisfactory. Nitrogen balance in the field within 5 years from 2004 to 2008 was listed in
Table 3.5 showing the nitrogen inputs containing Nitrogen fixation, residue decay and
mineralization, fertilizer application (Table 3.2), and the outputs composed by crop uptake,
loss with overland flow, leaching water (tile drainage and percolation flow).
Comparisons against 5 years of observed runoff, soil loss, and nitrogen loss data
are shown in Figure 3.7, with nitrogen losses simulated reasonably well during the study
period. Peaks of nitrogen load in 2004 and 2005 were primarily related to significant
surface runoff generation due to heavy precipitation events in September of 2004 and July
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2005 (Bosch et al., 2015). The fluctuation of nitrogen load in surface runoff generally
follows that of surface runoff production, but it is also influenced by nitrogen availability
in the field. This is illustrated by the peaks of nutrient loading not always matching that of
surface runoff, such as with nitrogen loss in May of 2007 and July of 2008. Even though
surface runoff peaked in July of 2007, the NO3-N load was highest in May because
fertilizers were applied to the field in April and May. Fertilizer application coincides with
the period when cotton demand for nitrogen was low, therefore, more nitrogen was
available for transport with surface runoff, and so even low runoff generation can lead to
elevated nitrogen losses. Due to the natural processes that lead to high nitrogen demand by
cotton in July, together with the observation that some of the nitrogen had been transported
away with percolation water (Bosch et al., 2015), the lower losses simulated in July 2007
were not surprising despite the higher peak flows. This also applied to sediment loss
simulation in the evaluation period, e.g. soil losses in March 2005 and 2006 reached peaks
because of high runoff generation, but they were not the greatest soil loss months as the
grass cover crop coverage at those times led to less detached soil available for runoff
transportation. Even though there were no observed organic nitrogen data available to
compare with the WEPP-WQ model simulated organic nitrogen in surface runoff, the
response of organic nitrogen loss was similar to sediment loss (Figure 3.7d), and this was
especially visible in the wet year of 2005.
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Figure 3.7 The calibration and validation results for surface runoff, nitrogen load,
sediment loss, and organic nitrogen load from Tifton, GA field site.

There were no other observed nitrogen data available for comparison at the Tifton
location. Table 3.5 lists nitrogen parameters for the Tifton site, and these were compared
with literature values to make sure the processes in the WEPP-WQ model were reasonable.
Agricultural fields can receive nitrogen inputs through fertilizer application, precipitation
containing nitrogen, and fixing biological nitrogen, and can lose nitrogen through runoff,
sediments, percolation, crop uptake, denitrification, and ammonia volatilization (Table 3.1).
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As defined in the SWAT model documentation (Arnold et al., 1998), ammonia
volatilization occurs when it is applied to a calcareous soil or when urea is applied to any
soil. Soil at the Gibbs research farm was not calcareous nor was the applied fertilizer urea,
thus ammonia volatilization was not taken into consideration at this location. In the two
cotton-cropped years of 2005 and 2007, fertilizer was applied (Table 3.2) to increase the
soil nitrogen content, while in 2004, 2006, and 2008 no fertilizer was applied as peanuts
were grown and peanuts fix nitrogen from the air with the Nitrogenase enzyme produced
by soil bacteria in the plant root nodules. Nitrogen uptake by cotton has a strong
relationship with nitrogen application rate according to Bouquet and Breitenbeck (2000),
who found higher nitrogen uptake with increasing nitrogen application rates from 0 to 168
kg/ha. The simulated cumulative nitrogen uptake by cotton in Table 3.5 fell into the general
range from 100 to 250 kg/ha graphed in Bouquet and Breitenbeck (2000). Rye grass was
planted before the start of winter and it was not killed until the new cash crop was planted,
therefore, it played the role of transferring nitrogen in the NO3-N pool to the fresh organic
nitrogen pool in the first two soil layers. This was because the sand content of the soil at
Tifton was over 55% in each soil layer and a large quantity of NO3-N was lost through
percolation after fertilizer application and before the crop was planted, especially in 2005,
2007. Denitrification was within the 10-25% of applied N as fertilizer reported by
Meisinger and Randall (1991) and the range of 10-20% noted in the SWAT documentation
(Arnold et al., 1998). The nitrogen balance of plot 1 as a single hill slope at Tifton exhibited
reasonable crop uptake, fixation, denitrification, reliable nitrogen load, and organic
nitrogen in surface runoff.
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Table 3.5 Average annual nitrogen budget for plot 1 with conventional tillage (kg/ha) at
the Gibbs research farm, Tifton, GA. (MinN: mineralized nitrogen loss to surface runoff;
OrgN: organic nitrogen loss to surface runoff ; N_leach: mineralized nitrogen leached
into the subsoil layers with infiltrated water; N_denitrification: nitrogen loss in
denitrification process; N_residue: organic nitrogen from residue through decay and
decomposition; N_fix: nitrogen fixed by peanuts)
Year

MinN

OrgN

Uptake_N N_leach

N_denitrification

N_residue

2004

1.0

11.5

88.3

2005

2.7

5.0

2006

0.7

2007

N_fix

5.3

7.0

103.7

68.58

163.9

65.9

51.9

17.6

0

6.2

144.0

2.12

6.3

77.0

109.38

0.9

2.0

212.3

102.2

26.3

28.7

0

2008

0.9

3.5

140.9

9.5

2.29

156.1

78.07

Average

1.21

5.6

149.9

37.04

18.74

76.7

42.72

No observed phosphorus loss data were available at the Tifton, GA, site, however,
soluble phosphorus and organic phosphorus losses in surface runoff were predicted with
the WEPP-WQ model and plotted in Figure 3.8, based on their strong relationships with
surface runoff and sediment loss. Phosphorus levels in the soil of the field plot were
increased through fertilizer application, and decreased by crop uptake, runoff, sediment
loss, and percolation. Phosphorus was applied to plot 1 in 2005 and 2007 during the model
evaluation period 2004 to 2008 (Table 3.6). Figure 3.8 shows the monthly load of soluble
phosphorus, organic phosphorus of sediments in surface runoff, crop accumulated
phosphorus uptake, and daily phosphorus uptake from 2004 to 2008. The soluble
phosphorus loading estimation caught the peaks and valleys of runoff, and the organic
phosphorus loss matched the changing trend of soil loss from the agricultural field system.
Both predicted soluble and organic phosphorus losses were high in 2005, as a result of both
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high runoff generation and fertilizer application. In 2007, there were lower organic
phosphorus loads in surface runoff as a result of less soil erosion and runoff generation.
Cumulative phosphorus uptake by cotton and peanuts falls within the range of 10.0 to 40.0
kg/ha based on daily phosphorus uptake of between 0.0 to 1.5 kg/ha/day. Therefore, results
shown in Table 3.6 concerning simulated soluble phosphorus uptake, soluble phosphorus
loading in surface runoff, and organic phosphorus losses are theoretically reasonable.
Table 3.6 Average annual phosphorus budget in plot 1 with conventional tillage (kg/ha)
at the Gibbs research farm, Tifton, GA. (Soluble_ P: mineralized phosphorus loss to
surface runoff ; Insoluble_P: organic phosphorus loss to surface runoff; Uptake_P:
mineralized phosphorus taken by crops; P_leach: mineralized phosphorus leached into
subsoil layers; P_fert: phosphorus fertilization;P_fert: mineralized phosphorus from
fertilizer; P_residue: organic phosphorus from residue through decay and decomposition
processes)
Year

Soluble_P Insoluble_P Uptake_P

P_Leach

P_fert

P_residue

2004

0. 2

2.2

24.7

0.4

---

31.8

2005

0.6

5.8

40.5

0.7

37.8

15.7

2006

0.2

7.3

32.6

0.3

---

27.9

2007

0.3

2.9

30.2

0.2

57.0

20.3

2008

0.1

4.9

27.2

0.3

---

22..2

Average

0.28

4.7

31.0

0.4

18.9

23.6

100

Figure 3.8 WEPP-WQ model predictions of phosphorus load in surface runoff, organic
phosphorus loss with sediments, and phosphorus uptake from the Tifton, GA field site.

This paper also compared tile drainage against the measurements, as a set of tiles
were installed at the experimental station in Tifton to measure the total tile drainage from
three plots (Plot 1, Plot 3, and Plot 5) each of which have similar slopes, agricultural and
fertilizer management, and soil type. Assuming that the three plots contributed tile drainage
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at the same weight, the simulated tile drainage of plot 1 was calibrated and compared with
1/3 of the measured tile drainage from 2004 to 2008. From Figure 3.9a it can be seen that
the WEPP-WQ model was successful in simulating tile drainage flow, as the observed
peaks of the tile drainage flow were matched by the model simulation (RSR = 0.83, NSE
= 0.69, PBIAS = 37%). The quantity of simulated tile drainage was much less than
percolated water (Figure 3.9) due to the small tile drainage capacity and large soil porosity
of loamy sand and sandy loam soils in Plot 1. Therefore, nitrogen concentration in mobile
water was low and the simulated nitrate nitrogen loading of tile drainage could not reach
the equivalent of 1/3 of the observed loads. Hence, the assumption that the three plots
contributed to the total tile drainage at the same weight is not reasonable under this scenario
due to soil texture. Besides, Bosch et al. (2015) found that Plots 3 and 5 had less surface
runoff generated relative to that from Plot 1 with the same precipitation and irrigation, and
thus the tile drainage is expected to be larger than that from Plot 1, and the greater nitrogen
load in tile drainage should be expected to contribute to the nitrogen load for the three plots
having tile drainage. Plot 1 in reality contributed less nitrogen load to the tile drainage than
the assumption of nitrogen loading measurement, and there were different nitrogen loss
distributions due to differences in slopes, soil types, and soil moistures between the three
plots. The assumption of 1/3 tile drainage from the measurements apportioned to Plot 1
was determined to not be reasonable, because the hydrology scenario was different from
the upper hill slope to lower hill slope.
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Figure 3.9 Simulated and observed tile drainage, nutrient loss, and percolation from 2004
to 2009 at Tifton, GA.

3.5 Conclusions
A coupled Water Erosion Prediction Project and Water Quality (WEPP-WQ) model
was developed through adding routines of nitrogen and phosphorus cycling processes,
transportation with surface runoff, and movement with infiltrating water in soil profiles.
Model performance was evaluated by comparing simulated values from the coupled model
with observed nutrient and sediment loadings in surface runoff following single storm
events at experimental sites near Waterloo and TPAC, IN. The nutrient estimation in a
storm event with various intensities at different times were close to the observations for
soluble nitrogen and total nitrogen, statistically acceptable for soluble phosphorus and total
phosphorus, and estimations for entire events were close to the observations as measured
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with performance metrics R2, NSE, and PBIAS. Nutrient simulation in different storm
events by the WEPP-WQ model were close to observed nitrogen and phosphorus from
experimental plots. Therefore, the performance of the WEPP-WQ model was reliable in
estimating nutrient (N/P) loadings for single storm events.
Nutrient losses in time series evaluations of the WEPP-WQ model were completed
with observed runoff, sediment and nutrient loss data from an experimental plot near Tifton,
GA. Time series simulation of nitrogen and phosphorus losses involved the transformation
of nitrogen and phosphorus between different pools and interactions during the processes
of transportation with water over soil layers during percolation and losses in surface runoff.
Nitrogen and phosphorus were added in the field as fertilizers, and soil N/P increased
because of residue decomposition. N and P were removed from the field by runoff and crop
uptake, and nitrogen was also lost by percolation and denitrification. The reasonability of
model predictions was shown using an annual nutrient balance in the hill slope system and
uptake from 2001 to 2002. For calibration (2004-2006) and validation (2007-2009) periods,
annual nutrient balance, monthly nutrient losses together with monthly runoff and sediment
losses were predicted for future comparisons when observed data were available. The
simulated nutrient losses were reasonable when the relationships between mineralized
nutrient loss with surface runoff and organic nutrient losses with sediment losses were
examined at a monthly time step. Compared with literature values, the results of 2001 and
2002 for nutrient uptake and loss were found to be within an acceptable range. Therefore,
the WEPP-WQ model could simulate nutrient losses reasonably despite the absence of
complete observed nutrient loss datasets.

104
The WEPP-WQ model for a single OFE completed in this study is the base for the
WEPP-WQ model of multiple OFEs, which will account for different soil moisture
conditions and management practices on different positions of a hill slope, and is more
useful in evaluating BMP effectiveness, and selecting BMPs for areas with a high risk of
nitrogen and phosphorus losses at the hill slope scale. Additionally, it is hard to say that
nutrient losses reduction from one or several hillslopes will indicate significant decreases
in nutrient losses from a watershed outlet, as nutrient loadings also change in the channel
transportation process. So adding channels connecting hillslopes in a watershed is also
necessary to evaluate BMP effectiveness in estimating nutrient loss in the future. When
completed with

the ability to

conduct

watershed simulations for

the hill

slope/channel/impoundment systems, the WEPP-WQ model will be able to directly
estimate impacts of different land management practices or determine the effectiveness of
combined BMPs on pollutant losses in a distributed way at the farm scale.
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CHAPTER 4. CLIMATE CHANGE IMPACTS ON NUTRIENT LOSSES OF TWO
SMALL WATERSHEDS IN THE GREAT LAKES REGION

4.1 Abstract
Non-point sources (NPS) of agricultural chemical pollution are one major reason
for the degradation of water quality in the Great Lakes, which impacts millions of residents
in the states and provinces bordering them. Future climate change will further impact water
quality in both direct and indirect ways by influencing the hydrological cycle and processes
of nutrient transportation and transformation, but comprehensive studies are still rare. This
study focuses on quantifying the impacts of climate change on nutrient (Nitrogen and
Phosphorus) losses from NPS in the Great Lakes region through the end of this century
(comparing the nutrient loss prediction of three future periods from 2015-2099 with 30
years for each period against the historical nutrient estimation data from 1985 to 2008).
Effects on total phosphorus and nitrate-nitrogen losses due to changes in precipitation
amount, intensity, and frequency as well as air temperature are evaluated for two small
watersheds in the Great Lakes Region, under three special report emission scenarios (SRES
A2, A1B, B1). The newly developed Water Erosion Prediction Project-Water Quality
(WEPP-WQ) model is utilized to simulate nutrient losses with downscaled and bias
corrected future climate forcings from two General Circulation Models (GFDL, HadCM3).
For each watershed, observed runoff and nutrient loads are used to calibrate and validate
the model before application of the WEPP-WQ model to examine potential impacts from
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future climate change. Total phosphorus loss is projected to increase by 28% to 72% for
the Green Lake watershed and 31% to 108% for the Walworth watershed mainly due the
increase of precipitation quantity, and intensity and frequency of extreme storm events.
Nitrate-nitrogen losses are projected to increase by 5% to 38% for Green Lake watershed
and 8% to 95% for the Walworth watershed as a combined result of increase in
precipitation quantity and intensity and frequency of extreme storm events, however the
major influencing factors are different in each future period.
Keywords: Climate change; Great Lakes region; total phosphorus; nitrate nitrogen

4.2 Introduction
Water quality in the Great Lakes is a critical concern of millions of residents living
in the surrounding states and provinces. Algal blooms and disease outbreaks result from
water quality degradation of different extents among the five lakes. As point source
pollution has largely been mitigated by the enforcement of total maximum daily load
(TMDL) levels, non-point sources (NPS) like agricultural systems have become the
primary contributors of pollutants primarily through the application of fertilizer in excess
of crop demands (Waston et al., 2008; Michalak et al., 2013; Seilheimer et al., 2013).
Measurements of NPS pollution mitigation including best management practices (BMPs)
(Stoddard, 1994; Pimentel, 1993; Tsihrintzis and Hamid 1997, Carpenter et al, 1998;
McCutcheon et al., 1993) have been conducted. Current status of open water phosphorus
concentration has been found to be good with an improving trend, however, the near shore
phosphorus concentration remains poor (Seilheimer et al., 2013; Auer et al., 2010; Dolan
and Chapra, 2012). In particular, Lake Erie experienced record breaking algal blooms in
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2011 due to eutrophication primarily caused by poor fertilizer management practices and
extreme precipitation events (Michalak et al., 2013).
Jennings et al. (2009) found future climate variability will pose an increasingly
significant threat to the successful long-term implementation of catchment management
initiatives through analyzing the increase in annual total phosphorus loads attributable to
climate change greater than that from population or land use change. Across the Great
Lakes region, annual precipitation is projected to increase up to 20% by the end of this
century (Hayhoe et al., 2010), even though annual precipitation ranges vary from a 50 mm
decrease to a 200 mm increase depending on the GCM and future climate scenarios used
(Angel and Kunkel, 2010). The seasonal precipitation distribution is likely to vary with
increase in winter and spring and decrease in summer by up to 50% (Kling et al., 2003).
Cherkauer and Sinha (2010) studied hydrological impacts of climate change on four states
around Lake Michigan and found that streamflow under future climate change will be
highly variable in the early (2010-2039) and middle parts of the current century (20402069), and increase later in the century (2070-2099). Winter and spring flows increased
significantly by the late century period, but summer flows become more variable with a
decrease in low-flows and an increase in peak flows. Future climate change may impact
nutrient losses through modifications to their transportation and transformation
characteristics in part by affecting hydrological cycles in the future.
Projected precipitation increases in frequency and intensity together with elevated
air temperature, and will likely increase surface runoff thus enhancing the transport of
soluble Nitrogen and Phosphorus and flushness of organic matters (Kling et al., 2003; Gu
and Riley, 2010). Increased air temperature will increase the rate of decomposition,
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mineralization, nitrification processes through activating microbial activities. More nitrates
and soluble phosphorus are available to increase the concentration in surface runoff (Gu
and Riley, 2010). There are many studies on assessing the impacts of climate change on
water quality due to pollutants from agricultural fields. Walker (2001) studied nutrient
inputs into the Bay of Quinte (Lake Ontario), where lower streamflow and higher
concentrations of NPS pollutants resulted in phosphorus increases of 25% to 35%. Average
annual phosphorus loads at the mouth of the Trent River were projected to increase by 25%,
10%, and 15% in 2030s, 2050s, and 2090s, respectively. Park et al. (2011) studied the
future climate impacts on water quality in a mountainous watershed in South Korea under
three scenarios (A2, A1B, B1), and found that total Nitrogen load under three scenarios in
three future periods the 2020s, 2050s, 2080s will increase up to 87.3% due to the increase
of lateral flow and ground recharge and the annual total Phosphorus load showed a change
between -48.4 and 19.6% because of a decrease in sediment load attributed to a decrease
in surface runoff. Crossman et al. (2013) studied impacts of climate change on TP loads in
the Black River, Ontario, Canada under two climate scenarios (A2, A1B) throughout the
21st century, and found that annual flow will decrease by 12.8% under the A1B scenario
and increase by 0.01% under the A2 scenario. For both GHG emission scenarios, TP
concentration will increase by around 30% relative to that of the period 2001-2009. TP loss
is projected to increase more in winter than summer due to increased precipitation and
streamflow, but the relationship between TP and flow was not consistent as the minimum
flow does not correspond with minimum TP. Michalak et al. (2013) studied the reasons
behind the 2011 record breaking algal boom in Erie Lake and found that fertilizer
management practices and extreme precipitation events caused the dissolved reactive
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Phosphorus yields which triggered the algal bloom. The bloom has been treated as a
harbinger of future eutrophication contributions according to the increase in precipitation
intensity and frequency of extreme events in 2046-2065 and 2080-2099 relative to the base
period 1986-2005, in the western Lake Erie basin (Michalak et al., 2013).
Analysis of climate change impacts on nutrient losses is needed to provide guidance
for non-point source pollutant mitigation strategies including the selection and placement
of BMPs. While studies on climate impacts on nutrient losses, especially related to
increases in precipitation amount and intensity, have been studied in other parts of the
world (Michalak et al., 2013; Crossman et al., 2013; Park et al., 2011; Walker, 2001; Gu
and Riley, 2010), few studies have been conducted in the Great Lakes region. The aim of
this work is to assess the impacts of climate change on nutrient losses from NPS in the
Great Lakes region at annual and seasonal time scales. The impact of precipitation amount
and intensity, and air temperature on total phosphorus and NO3-N loading to streamflow
are studied with predictions simulated with the WEPP-WQ model under three future
climate change scenarios (A2, A1B, and B1).

4.3 Methods
The Water Erosion Prediction Project and Water Quality (WEPP-WQ) model
(Chapter 3), a process based water quality model, is utilized in this paper to study water
quality change under future climate scenarios. Observed datasets of streamflow and total
phosphorus from the St. Joseph River watershed were used to calibrate the WEPP-WQ
model at the watershed scale. Two watersheds were then selected with Phosphorus loading
records over 15 years to represent conditions in the Great Lakes states. They were
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delineated and the historically observed TP loading datasets were used to calibrate and
validate the model prior to it being applied to estimate nutrient loss from watersheds in the
Great Lakes region. Given that there were no observed nitrate data for the two watersheds,
the nitrogen parameters for the WEPP-WQ model were taken from Chapter 3, which was
calibrated to estimate NO3-N loading in runoff for single storm events. We assume that this
parameter transfer will result in suitable model performance without available calibration
data due to the similarity of soil properties and climate between the Indiana calibration
sites and Minnesota field sites.

4.3.1

Model introduction

The WEPP-WQ model is a physical-process based model developed to estimate
non-point source pollutant losses from agricultural systems, including sediments, nutrients,
and pesticides. Details of the coupled model can be found in Chapter 3. For clarity, a brief
introduction to the modeling system is provided here. The WEPP model is a physically
based soil erosion model for soil loss estimation at hill slope and small watershed scales
(Flanagan and Nearing, 1995; Flanagan et al., 2007). The water quality algorithms were
derived from those in the Soil and Water Assessment Tool (SWAT; Arnold et al., 1998).
The water quality model describes the nutrient transportation processes with overland flow
and infiltrated water, the transformation processes between different status pools for
nitrogen and phosphorus, and the nutrient uptake processes by crops which is a major one
for nutrient loss from agricultural system. The WEPP-WQ model is an intensively coupled
model with the WEPP model providing hydrological inputs, and sediment leaving the hill
slope to the water quality model. The water quality model returns nutrient stresses to the
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WEPP model and estimates nutrient concentration in surface runoff, infiltrated flow, tile
drainage, and base flow.
The WEPP-WQ model is applied to estimate the total phosphorus and nitratenitrogen (NO3-N) losses of the watershed through estimating nutrient losses from hill
slopes within a watershed, as simulated total phosphorus and nitrate-nitrite leaving the
landscapes of a watershed were close to that estimated at the outlet from the watershed at
an annual time step with minimal differences (Migliaccio et al., 2007). As it is time
consuming to run the WEPP-WQ model through all hill slopes within the watershed, a
stratified sampling method was applied to select hill slopes and corresponding land cover
within a watershed during the simulation process. Details of the stratified sampling method
used will be described later in the methods section.

4.3.2

Study area

The St. Joseph River conveys water to the Maumee River and then to Lake Erie.
Cedar Creek, a sub-watershed of the St. Joseph River watershed, is one of the Conservation
Effects Assessment Project’s (CEAP) target watersheds. It has been monitored for nutrient
and sediment losses as part of the CEAP efforts to quantify the effectiveness of
conservation practices. Within Cedar Creek, two field-scale sites were used to assess the
impact of different tillage management practices on soil and water quality (Flanagan and
Nearing, 1995; Flanagan et al., 2007). The first targeted for BMP implementation is 2.2 ha
in size and situated on Pewamo, Glynwood and Morley soils. The second serves as the
control and is 2.7 ha on Blount and Glynwood soils. At each of the sites a 0.24 m deep
drop-box weir was installed for flow measurements and a turbulent point to collect runoff
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samples for sediment, nutrient, and pesticide concentrations. The observed nutrient data
from the second site was used in this study to evaluate the nutrient estimation performance
of the WEPP-WQ model. The second site is named AS-2, which is the second small
catchment in the larger A watershed within the St. Joseph River basin (Flanagan et al.,
2003; Smith et al., 2015). Annual precipitation ranges between 800 and 1100 mm, with
the largest precipitation events occurring during May and July. Water quality samples have
been collected since 2004 during storm and runoff events between April 1 and November
15 each year. Surface runoff, tile flow, and sediment samples were collected by modified
ISCO automated water samplers and refrigerated upon collection. Surface runoff was
analyzed for total phosphorus (TP), soluble phosphorus (SP), and mineralized N, while tile
flow was analyzed only for soluble nitrogen (SN-tile). Measured climate from a weather
station in the Cedar Creek watershed was used to evaluate the performance of the WEPPWQ model in estimating phosphorus loss from the small watershed. The years 2006 and
2011 were wet with 983 mm and 1047 mm of precipitation, respectively, while 2008 was
a dry year with below average precipitation of only 833 mm. There were channels in this
sub-watershed and runoff was generated only when precipitation occurred. The channels
are grass lined waterways with little detachment, therefore, there is little nutrient change in
the routing process before reaching the watershed outlet.
There are few sites with long-term observations of phosphorus and nitrogen,
particularly, nitrogen loss. Based on the availability of observed phosphorus loading at an
annual time step for over 15 years, two sites were identified for model calibration. They
are located in Green Lake County and Walworth County, both in Wisconsin (Figure 4.1).
The drainage areas for the two sites were delineated and the watersheds will be referred to
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as the Green Lake watershed and the Walworth watershed. The Green Lake watershed
(LAT: 43o48’58’’, LON: 88o55’42’’) is located in the Big Green Creek watershed (HUC
040302010902). It is 790 ha with 76% cropland, 15% grassland, and 9% forest, with an
outlet elevation of 243.84 m above sea level. Observed datasets were available for 25 years
from 1982 to 2007 with the absence of 9 years from 1988 to 1996. In the study period, the
average annual precipitation was 874 mm, with the highest measured precipitation of 1078
mm in 2008, and 2005 experiencing the lowest precipitation total of 587 mm. For this
watershed, the streamflow and total phosphorus for 1997 to 2007 were used as a base to
compare against future periods. The Walworth watershed (LAT: 42o39’03’’, LON:
88o33’03’’) is located in the Jackson Creek watershed (HUC 070900021401) with Jackson
creek and Bear creek. Outlet elevation was at 132.28 m, and it has a drainage area of 1124
ha with 42% cropland, 10% grass land, and 48% urban area including developed areas with
both low and high development densities. Observed precipitation, streamflow, suspended
sediments, and phosphorus load datasets were available for 17 years between 1984 and
2009. The average annual precipitation within the watershed was 897 mm, and average air
temperature was 8 ˚C. From the Walworth watershed, streamflow from 1986 to 2007 and
total phosphorus from 1988 to 2007 were used as base for comparison with future estimates.
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Figure 4.1 Drainage areas for the two sites in Wisconsin.

4.3.3

Selection of GCM and GHG scenarios

Future climate projections used for this study are based on the Coupled Model
Intercomparison Project 3 (CMIP3) to make them consistent with earlier simulation studies
in the region evaluating changes to soil moisture and soil freeze-thaw processes (Sinha and
Cherkauer, 2010), drought frequency (Mishra and Cherkauer, 2010), streamflow
(Cherkauer and Sinha, 2010) and soil erosion (Chapter 2). Studies have found similarities
in the precipitation projections between CMIP3 and the newer CMIP5 datasets when
measured globally (Knutti and Sedlacek, 2013), while Yao et al. (2013) found extreme
temperature changes are similar between the datasets when it comes to annual
climatological cycles, even though the CMIP5 models perform better at simulating extreme
temperatures on the local grid cell scale. In addition, the failure of the CMIP5 data to
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capture increased intensity, duration and frequency of precipitation extremes has been
described by Wuebbles et al. (2013) and Mohammed et al. (2015) highlighting the
inadequate representation of variability in the precipitation process.
Three climate change scenarios (A2, A1B and B1) were selected based on the
Special Report on Emissions Scenarios (SRES) according to the developing styles of
population, technology, and economics resulting in projections of changes to CO2
emissions. The criteria of Sinha and Cherkauer (2010) for GCM selection are used, where
they must: (1) have a varied range of spatial grid resolution (fine and coarse), (2) have the
capability to represent realistic regional spatial structures of precipitation, and (3) have
reasonable sensitivity to forcing by GHGs. The GFDL-CM2 (Geophysical Fluid Dynamics
Laboratory Version 1.1; Stouffer et al., 2006; Delworth et al., 2006) and HADCM3
(Hadley Centre climate model Version 3.1, Gordon et al., 2000; Pope et al., 2000) models
were chosen as the GFDL-CM2 is highly sensitive to GHG emissions, while HADCM3 is
moderately sensitively.
Downscaling of climate datasets was done by Sinha and Cherkauer (2010) and basis
correction was conducted in this study for three SRES scenarios (A2, A1B, B1) to improve
hydrology simulated under future climate projections using the WEPP-WQ model.
Streamflow, sediments, and nutrients were estimated based on two GCMs for each scenario,
and analyzed using ensemble average values from a combination of the two GCMs for each
scenario at both annual and seasonal time steps for two watersheds. Comparison between
the future and base simulations were completed for TP and NO3-N losses to clarify the
climate change impacts on nutrient loss and identifying the dominant influencing factors
between air temperature and precipitation including intensity and frequency of extreme
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events. Seasonal analysis was done as well to indicate the changing percentage within one
year with box plots for streamflow, sediments, TP, NO3-N loadings for further showing the
major influencing factors within one year.

4.3.4

Downscaling and bias correction

Daily future climate data were obtained from Sinha and Cherkauer (2010) and
include time series of precipitation, wind speed and air temperature extremes at a spatial
resolution of 1/8˚×1/8˚ latitude by longitude. Visual inspection and ANOVA were
conducted to compare the observed and bias corrected simulation with the GFDL model
under the A2 scenario for the Green Lake watershed. No significant differences were found
in the comparison in precipitation and air temperature for GFDL model of A2 scenario.
Similar analysis were also done for the A1B, and B1 scenarios for both Walworth
watershed and Green lake watershed. The historical period from 1999 to 2011 was defined
as base for the Green Lake watershed, and from 1988 to 2007 was defined as base for the
Walworth watershed for the two GCMs in this study. From 2015 to 2099, three periods
were defined: early century period was from 2015 to 2045; middle century from 2046 to
2075; and a late century period from 2076 to 2099. Summer and winter seasons were
defined from April to September, and October to March, respectively.

4.3.5

Data processing

Observed climate used for model calibration of the two watersheds, including
precipitation and air temperature, were obtained from weather stations in Dalton and Lake
Geneva, Wisconsin, U.S. Other climate parameters including wind speed, wind direction,
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solar radiation, and dew point temperature were generated with CLIGEN (Nicks and Lane,
1989) based on the monthly statistical parameters derived from the same two stations.
Watershed drainage areas were delineated from a 30 m by 30 m Digital Elevation Map
(DEM)

downloaded

from

the

USGS

seamless

data

server

(http://seamless.usgs.gov/website/seamless/viewer.htm) together with 2001 land cover
maps (http://viewer.nationalmap.gov/basic/) used to determine the mixture of land cover
management within the two drainage areas.
Crop management in historical period including planting and harvest dates, tillage
dates and method, fertilizer application dates, rate, and method were from farm survey
management information from the agricultural departments of Walworth County and
Green Lake County (Table 4.1), the database of WEPP field management and water quality
conservation report of 2012. Crop management was assumed to be a two year rotation of
corn and soybean as suggested for the region. Tillage for the Walworth County watershed
was assigned as chisel plowing two weeks before field cultivation for cropping. Future
field management was kept the same with historical management to clarify the climate
change effects (Table 4.1). Soil data for these two watersheds were obtained from the Soil
SURvey Geographic Database (SSURGO). The dominant soil types of the Walworth
watershed are Pella silt loam and Elburn silt loam, and the primary soil types of Green
Lake drainage area are Plano silt loam and Medota silt loam.
To reduce the overall simulation time required to apply the coupled WEPP-WQ
model to every hillslope in the two watersheds, slopes within each watershed were sampled
using a stratified random method based on delineated hillslope units. This method can
significantly reduce the number of samples needed to estimate average soil moisture, while
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minimizing estimating error (Park and Van de Giesen, 2004; Thompson et al, 2006). The
method described here was developed by Mao et al. (2010) and was applied to the hill
slopes within each of the two watersheds independently. First for each watershed, the hill
slope distribution was developed using all hillslopes within the watershed, and then the
distribution was stratified to group hill slopes into relatively homogenous subgroups based
on slope range. Finally, hill slope samples were extracted randomly but proportionally from
each bin based on the ratio of hillslopes in that bin to the total number of hill slopes in each
watershed. To account for variations in vegetation cover, each bin is divided proportionally
by the fractional coverage area of hillslope vegetation. This reduces WEPP-WQ
applications while maintaining the range of potential events within the watersheds.
Overland flow, subsurface drainage, deep seepage, soil erosion, and nutrient losses are
reported as the sum of simulations from each slope range for each vegetation type
multiplied by the fractional slope and vegetation coverage within the watershed.
Statistical parameters were used to evaluate the model performance in simulating
runoff and total phosphorus following the methods of Moriasi et al. (2007):
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Table 4.1 Cropland management in the Green Lake watershed and Walworth watershed.
Includes dates of planting and harvesting, types of tillage, and application of fertilizers.
Green Lake watershed

Walworth watershed

Crop

Corn

Soybeans

Corn

Soybeans

Planting

May 10

May 25

May 10

May 25

Harvesting

Oct. 10

Sep. 30

Oct. 6

Oct 7

Chisel plow
April 25

No till
at planting

Chisel plow
April 25

No till
at planting

Tillage

Offset disk plow
at planting
May 9

Offset disk plow
at planting
May 9

Fertilizer
application

Green Lake watershed

Walworth watershed

Nitrogen
fertilizer

Urea 46%(165kg/ha)/ Spring corn

Urea 46%(165kg/ha)/ Spring corn

Phosphorus
fertilizer

P2O5 (67kg/ha)---corn
P2O5 (56kg/ha)---soy bean
Fall applied

P2O5 (67kg/ha)---corn
P2O5 (56kg/ha)---soy bean
Fall applied

4.4 Results and Discussion
4.4.1 Model calibration and validation
The climate datasets were downloaded from the National Climatic Data Center
from 1984 to 2009 for the Green Lake watershed and 1986 to 2007 for the Walworth
watershed. TP and nitrate-nitrogen losses were involved in this study as they were the two
merely proved parameters which have statistically minor differences between losses from
all hill slopes in a watershed and from the outlet of a watershed at annual time step
(Migliaccio et al., 2007). Observed streamflow and TP datasets were downloaded from the
USGS with the site number of 04073462 for the Green Lake watershed and 054310157 for
the Walworth watershed and the comparison between observation and model simulation
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were done after the adjustment of the hydrological parameter “effective hydraulic
conductivity” in the WEPP model to adjust streamflow, and the soil erosion parameters
“critical shear stress”, “interrill soil erodibility”, and “rill erodibility” as well as the water
quality parameters referred to in Chapter 3.
Streamflow for the two watersheds was estimated using the sum of surface runoff
and seepage (baseflow) from the hillslopes based on the assumption that there are no
subsurface tiles installed in the two watersheds (no drainage / lateral flow). Total
phosphorus (TP) included both soluble and insoluble phosphorus in surface runoff, and
NO3-N loss included loadings from both surface flow and baseflow. The WEPP-WQ model
performed well for total phosphorus simulations in the AS-2 catchment of 2.7 ha in St.
Joseph River watershed as demonstrated using the statistical metrics of model performance
for runoff and total phosphorus (Table 4.2, Figure 4.2, and Figure 4.3).
The observed dataset was used to evaluate the WEPP-WQ model performance in
estimating nutrient losses in watershed scale, instead of calibrating the WEPP-WQ model
for the Green Lake watershed and Walworth watershed in nutrient losses. Therefore, the
model’s performance was shown to be reliable in estimating total phosphorus losses of
small watersheds as the statistical results passed the criteria. Calibrated simulations for the
Green Lake and Walworth watersheds were also found to be satisfactory for both runoff
and total phosphorus at an annual time step (Table 4.3 and Figure 4.4) with the NSE > 0.5,
PBIAS < ±70% for N and P; < ±25% for streamflow (Moriasi et al., 2007), and R2 > 0.6.
With this evaluation complete, it has been demonstrated that the parameter settings for the
WEPP-WQ model produce suitable estimates of streamflow and phosphorus loss for the
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two watersheds and can therefore be used in analyzing the impact of the future climate
change scenarios on total phosphorous and nitrate loading of streamflow.
Table 4.2 Simulation performance metrics for streamflow, and total phosphorus for the
AS-2 catchment in northeast Indiana for the WEPP-WQ model calibration.
Statistical
parameters
R2
NSE
PBIAS

Streamflow

Total P

0.72
0.61
-2%

0.56
0.61
-14%

Figure 4.2 Evaluation of model performance with observed runoff and simulated runoff
from the AS-2 catchment in northeast Indiana.
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Figure 4.3 Model performance evaluations with observed and simulated total
phosphorus loss from the AS-2 catchment in northeast Indiana.
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Figure 4.4 Calibration of WEPP-WQ model in Walworth watershed and Green Lake
watershed
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Table 4.3 Simulation performance metrics for streamflow, and total phosphorus for the
WEPP-WQ model calibration.

Streamflow
TP

Streamflow
TP

4.4.2

Green Lake watershed
Period
R2
NSE
1997-2011
0.63
0.55
1997-2011
0.66
0.50
Walworth watershed
Period
R2
NSE
1986-2007
0.73
0.57
1988-2007
0.71
0.66

PBIAS
4.27
-15.96
PBIAS
7.50
5.65

Climate change trends for the two watersheds

In the Green Lake watershed, precipitation was projected to increase by 9.31% to
20.74% between the base and future period from 2015 to 2099 with a consistently greater
increase under the A2 scenario than those under the A1B and B1 scenarios (Table 4.4).
Under the A2 scenario, annual average precipitation increased by 8.4% to 40.1% in three
future periods with the highest increase in the early century period and lowest in the late
century period. Air temperature increased by 1.23 to 4.12 oC throughout the three future
periods with the greatest increase under the A2 scenario among the three SRES scenarios.
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Table 4.4 Annual average change in precipitation (percent change) and air temperature
(˚C) from the base (1985-2008) period for the Green Lake and Walworth watersheds for
the three SRES scenarios: A2, A1B, and B1.
Air temperature (oC)

Annual precipitation (%)
Green Lake watershed
A2

A1B

B1

A2

A1B

B1

Early century

9.3

4.0

6.9

1.2

0.9

0.8

Middle century

18.1

9.7

4.4

2.8

3.0

2.5

Late century

20.7

11.2

11.6

4.1

3.5

2.5

Walworth watershed
A2

A1B

B1

A2

A1B

B1

Early century

40.1

38.3

43.1

0.2

0.4

-0.1

Middle century

8.4

0.1

-2.6

1.8

1.1

1.2

Late century

12.4

2.6

5.2

4.2

3.4

1.9

Seasonally projected average precipitation increased in both summers and winters
under all three scenarios and all three future periods with larger average percentage change
in the winter than in the summer and median values of precipitation changing percentage
above the zero line in winter and fluctuating around zero line in summer (Figure 4.5).
Extreme storm events are defined as precipitation events with intensities greater than or
equal to 95% of all daily precipitation events within one water year. This threshold was
found to increase consistently over all three future periods, with maximum increases on the
order of 13.5% to 22.8% under the A2 scenario (Table 4.5). Ranges of precipitation change
were greater in the middle and late century periods than in the early century period for all
three scenarios. The frequency of extreme storm events increases in the future by 10.53%
to 26.32% (Table 4.5). Seasonal air temperature increases in both summer and winter
seasons throughout the three future periods, with larger air temperature changes and
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variations in the winter season over the three future periods and three climate scenarios
(Figure 4.5). Freeze and thaw (FT) cycles in the winter season increased by 3.74% to 8.84%
in the early and middle century periods under the A2 scenario (Table 4.6). Under the A1B
scenario, the freeze and thaw cycles decreased in the early and middle century periods due
to large annual variability of FT during the study period, even though air temperature
increased in the winters.
A1B

B1

A2

Precipitation (% change from base)

Precipitation (% change from base)

300

A2

150

100
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0

A1B

B1
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Early-summer

Middle-summer

Early-winter

Late-summer

Middle-winter

Late-winter

14
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B1

10
8
6
4
2
0
-2

A2

12

Air temperature (oC change from base)
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4
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Figure 4.5 Summer (left) and winter (right) season change in precipitation (top) and air
temperature (bottom) at the Green Lake watershed for the A2, A1B, B1 scenarios. Boxes show
median with the line within the box, the average with a square within the box, and the 25th
percentile and 75th percentiles with the lines at the top and bottom of the box. Early-summer
denotes summer season in early century period, Early-winter denotes winter season in early
century period.
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Table 4.5 Percent change of extreme precipitation intensity and frequency from the base
period for the three future climate scenarios.
Extreme Precipitation
Extreme precipitation
intensity (%)
frequency (%)
Green Lake watershed
Early century
Middle
century
Late century

Early century
Middle
century
Late century

A2

A1B

B1

A2

A1B

B1

13.5

5.6

8.1

10.5

5.5

7.9

19.0

4.2

3.6

18.4

7.9

0.00

13.5
10.2
26.3
Walworth watershed
A1B
B1
A2
11.4
9.9
14.2

15.8

10.5

A1B
14.3

B1
12.0

22.8
A2
12.5
15.1

8.1

3.6

17.7

13.4

4.7

21.2

15.8

8.5

21.1

17.1

16.4

Table 4.6 Percent change in the number of soil freeze and thaw cycles from the
base period for three future climate scenarios.
Green lake watershed

Walworth watershed

Early century

A2
3.7

A1B
-49.5

B1
1.6

A2
7.5

A1B
2.2

B1
8.1

Middle century

8.8

-32.6

2.0

29.4

27.8

-13.6

Late century

-0.7

0.00

0.5

8.5

12.7

36.7

In the Walworth watershed, annual precipitation was projected to increase by 8.41%
to 40.10%, except for the middle century period under the B1 scenario where it experiences
a 0.14% decrease. Annual precipitation increased more in the early century period and less
in the middle century period for both the A2 and A1B scenarios. Extreme storm intensity
increases under all combinations of 3 future periods and 3 climate scenarios with the
highest increase under the A2 scenario of 12.52% - 21.17% and lowest under the B1
scenario of 3.56% - 9.86%. Seasonally, precipitation is projected to increase in both the

132
summer and winter with higher increasing percentages in winter than in summer (Figure
4.6, Table 4.4). There is an increase in annual air temperature between the base and future
periods from 2015 to 2099 under the A2, A1B and B1 scenarios (Table 4.4). Air
temperature increased throughout the three future periods with the greatest increase under
the A2 scenario of 0.2 to 4.16 oC. Freeze-thaw cycles increase consistently throughout the
study period under both A2 and A1B scenarios, with the greatest increase in the middle
century period and the lowest increase in the early century period.
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Figure 4.6 Summer (left) and winter (right) season change in precipitation (top) and air
temperature (bottom) for the Walworth watershed for the A2, A1B, and B1 scenarios.
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4.4.3

Changing trend of streamflow and TP under a changing climate

Annual streamflow from the Green Lake watershed is projected to increase
throughout the three future periods with the highest increase of between 10 % and 50 %
under the A2 scenario and lowest increase of 6 % to 24 % under the B1 scenario (Table
4.7, Table 4.8). Streamflow increases in both the summer and winter, with larger
percentage increases in the winter than in the summer over the three future periods.
Streamflow increases in the winter are likely due to air temperature elevation, as
precipitation previously falling as snow will instead arrive as rain. The winter season
covers a shift towards earlier snow melt caused by the increase in air temperature. The
Green Lake watershed experiences streamflow increases similar to those identified by Lee
et al. (1996) who found an increase in runoff of 37% to 40% based on a 20% increase in
precipitation for the U.S. Corn Belt.
Annual TP loss increases consistently by 28% to 89% for all the three future periods
relative to the base period (Table 4.7) under all three climate change scenarios with the
highest increase under the A2 scenario for each future period which is similar to that of
streamflow and soil loss (Table 4.8, Table 4.9, Table 4.10). TP loss increases the most in
the late century period and lowest in the early century period for A2 and B1 scenarios. This
trend is very similar to that of streamflow, and intensity and frequency of extreme events
under the same future climate scenarios. This correlation makes sense as there is a strong
positive relationship between TP loss and the intensity and frequency of extreme storm
events. In the early and middle century periods, the increase of FT cycles also contributed
to the higher TP loss, as an increased number of FT cycles will enhance soil erodibility and
increase soil loss, which in turn increases the loss of insoluble phosphorus that is attached
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to those sediment (Table 4.6, Table 4.10). Even though the FT cycles increased in the early
and middle century periods, its influence on TP loss was not so strong, as the changing
percentage of FT was relatively small. In addition, streamflow increases often happen in
summer when the highest levels of TP are available for transport after fertilizer application,
while there is less phosphorus available in the winter. In the late century period, TP loss
has the highest increase over the three future periods with the primary influence come from
precipitation especially the increase in extreme precipitation intensity and frequency (Table
4.6). Under the A1B scenario, streamflow plays a dominant role relative to the FT cycles
in influencing TP loss processes throughout the three study periods, as TP increases despite
decreases of the FT cycles in the two earlier future periods, and TP has greatest increase in
the late century period with the highest streamflow increase percentages. Seasonally, total
phosphorus increases in both summer and winter with higher percentage changes in the
summer due to the impacts of extreme storm events for each scenario in the late century
period and smaller changes in the early and middle century periods (Figure 4.7).
Table 4.7 Annual average values in the base period for streamflow, soil loss, nitratenitrogen, and TP of the two watersheds in historical period.

Streamflow (mm)
Soil loss (ton/ha)
NO3-N (kg/ha)
TP (kg/ha)
Streamflow (mm)
Soil loss (ton/ha)
NO3-N (kg/ha)
TP (kg/ha)

A2
A1B
Green Lake watershed
204.5
195.4
1.2
1.3
2.7
2.6
1.1
1.1
Walworth watershed
134.7
141.0
2.3
2.1
1.6
1.3
3.8
3.8

B1
191.9
1.1
2.6
1.1
140.0
2.2
1.7
3.9
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Table 4.8 Change percentage in annual streamflow (as a depth) relative to the base period
for three future climate scenarios.

Early century
Middle century
Late century

Early century
Middle century
Late century

A2
A1B
Green Lake watershed
mm
%
mm
%
20.5
10.0
25.9
13.3
79.7
39.1
80.0
41.0
102.3
50.2
105.0
53.9
Walworth watershed
mm
%
mm
%
54.9
40.7
33.8
24.3
60.2
44.7
45.0
31.9
55.9
41.5
47.5
33.7

B1
Mm
28.6
64.6
92.8

%
14.9
33.7
48.3

Mm
43.7
47.2
47.0

%
31.2
33.7
33.6

Table 4.9 Change percentage in annual soil loss relative to the base period for three future
climate scenarios

Early century
Middle century
Late century

Early century
Middle century
Late century

A2
A1B
Green Lake watershed
ton/ha
%
ton/ha
%
0.7
54.7
0.3
20.6
0.9
69.9
0.6
45.1
1.3
103.3
0.9
74.3
Walworth watershed
ton/ha
%
ton/ha
%
1.0
41.2
0.8
36.6
1.1
45.7
1.0
49.3
1.3
54.4
0.7
35.2

B1
ton/ha
0.4
0.6
0.9

%
43.4
57.8
92.2

ton/ha
0.8
0.9
1.2

%
35.0
40.0
52.1

Table 4.10 Change percentage in annual total phosphorus relative to the base period for
three future climate scenarios

Early century
Middle century
Late century

Early century
Middle century
Late century

A2
A1B
Green Lake watershed
kg/ha
%
kg/ha
0.5
0.3
42.3
0.6
0.5
53.9
1.0
0.8
89.0
Walworth watershed
kg/ha
%
kg/ha
1.2
31.1
1.0
3.1
81.1
3.3
4.2
108.9
3.7

B1
%
28.3
44.1
75.2

kg/ha
0.4
0.5
0.8

%
38.4
41.1
71.5

%
27.2
87.5
96.4

kg/ha
1.0
2.8
4.2

%
25.0
71.8
105.9
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Figure 4.7 Summer (left) and winter (right) season changes in runoff (top) and total phosphorus
losses (bottom) for The Green Lake watershed.

For the Walworth watershed, annual streamflow increases under the three climate
scenarios in all three future periods by 24.3% to 44.74% with the highest increase in the
middle century period under the A2 scenario and lowest increase in the early century under
the A1B scenario (Table 4.8). Seasonal streamflow increases in both the summers and
winters under the three SRES scenarios with the largest increase in summer over the early
and middle century periods under the A2 and A1B climate scenarios. Annual TP loss was
projected to increase in the early century period by 24.96 to 31.08% under the three SRES
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scenarios and mainly influenced by the precipitation quantity as TP loss has bottom ranked
increase among the three future periods with medium ranked extreme storm events and top
ranked precipitation quantity. In the middle century period, the TP loss will increase by
71.78% to 87.54% due to elevation of extreme storm events in intensity and frequency,
particularly under A1B and B1 scenarios. FT cycles has the greatest increase in the middle
century under the A2 and A1B scenarios among three future periods. In the late century
period, TP loss reaches the highest increase over the study period due to combined effects
of precipitation quantity, changes in extreme storm events, and FT cycles. Seasonally, the
change in TP is highest in winter of late periods under all three SRES scenarios (Figure
4.8). Even though FT cycles has stronger influence on TP loss in the middle century
periods relative to that in early and late century periods, but changes in precipitation plays
the dominant role in influencing TP loss. In the late century period, the change percentage
of TP loss in summer is lower than that in winter, but summer changes dominate the annual
TP loss change.
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Figure 4.8 Summer (left) and winter (right) season changes in streamflow (top) and total
phosphorus loss (bottom) for the Walworth watershed.
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Figure 4.9 Summer (left) and winter (right) season changes in runoff (top) and total phosphorus
losses (bottom) for the Green Lake watershed.

4.4.4

Changing Nitrate losses under climate change scenarios

For the Green Lake watershed, annual nitrate loading of streamflow will increase
throughout the three future periods from 1.1% to 38.1% due to increases in both
precipitation and air temperature (Table 4.11). The increases in nitrate loading have a
stronger relationship with changes in precipitation intensity and frequency than with
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changes in precipitation quantity and streamflow. In the middle century period, NO3-N
shows the greatest increase among the three future periods with only medium ranked
precipitation quantity, intensity and frequency of extreme storm events, and streamflow.
NO3-N losses during these events accounts for a large percentage of annual loss, and
determines the highest increase in the middle century period. In the late century period,
increased air temperature accelerates the mineralization and nitrification process, which in
turn makes more NO3-N available to be brought out of the field by overland flow. Increased
precipitation intensity and frequency contributes to the increased loss of NO3-N and
increased generation of streamflow. In the early century period, NO3-N has the smallest
increase over the three future periods for both the A2 and B1 scenarios, periods that also
have the lowest increase in precipitation quantity, intensity and frequency.
Seasonally, summer average NO3-N loadings for the three climate change scenarios
increase (Figure 4.9) throughout the three future periods due to greater streamflow caused
by an increase in precipitation amount. Averaged NO3-N loading denotes the mean
seasonal nitrate-nitrogen loading over the study periods, and medium value indicated the
middle seasonal nitrate-nitrogen loading over 50% with the study periods. Averaged NO3N loading is much higher than the medium values in summer and winter in the middle and
late century periods under three SRES scenarios. Therefore, changes to extreme storm
events play a critical role in influencing NO3-N loading, particularly in the summer of the
late century period under the A2 scenario. In the summer season, increased air temperature
will accelerate ammonia volatilization and denitrification processes, however, the decrease
of nitrogen is exceeded by the increase in NO3-N loading caused by increased streamflow
together with nitrogen depositing from increased precipitation.
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Table 4.11 Change percentage in annual NO3-N relative to the base period for three
future climate scenarios.

Early century
Middle century
Late century

Early century
Middle century
Late century

A2
A1B
Green Lake watershed
kg/ha
%
kg/ha
0.1
5.1
0.1
0.7
26.5
1.0
0.5
17.5
0.03
Walworth watershed
kg/ha
%
kg/ha
0.7
40.6
1.2
0.2
12.4
0.6
0.7
40.6
0.7

B1
%
3.9
38.1
1.1

kg/ha
0.1
0.8
0.7

%
4.6
29.8
27.8

%
95.5
44.5
52.5

kg/ha
1.2
0.1
1.2

%
70.8
8.0
68.2

In the Walworth watershed, annual nitrate loading of streamflow will increase
throughout the three future periods by 8.03% - 95.35% with the highest increase in the
early century period under the A1B scenario due to increases in both precipitation and air
temperature (Table 4.11). For the three SRES scenarios, increases in NO3-N loading were
higher in the early and late century periods and lower in the middle century period with
percentage change around 10% - 50%. This trend is very similar to that found with the
change in intensity and frequency of extreme storm events and for changes in precipitation
quantity under both A1B and B1 scenarios. In the early century period, NO3-N loading of
streamflow has a stronger relationship with precipitation quantity than that with increased
intensity and frequency of extreme events. Change in precipitation patterns will contribute
more to surface runoff generation, which has less NO3-N loading, than to base flow, but
the 40% increase in precipitation quantity in early century period ensured an increase in
base flow as well. Based on increased surface runoff and base flow, NO3-N loading in the
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early century period is highest for all three future climate scenarios. In the middle century
period, NO3-N loading experiences the smallest increase even though the percentage
increase in streamflow is close to that of the early century period. The increase in extreme
storm intensity and frequency leads to greater surface runoff, which contributes less NO3N loading to the streamflow than base flow. Therefore, the NO3-N loading is not as high
in the middle century period relative to the early century period. In the late century period,
precipitation quantity, frequency and intensity of extreme storm events are all increased
resulting in greater surface runoff and base flow. Therefore, the NO3-N loading is close to
that in early century period. Under the A2 scenario, the middle century period has the
lowest NO3-N loading among the three future periods, likely due to an increase in both
intensity and frequency of extreme storm events, and the greatest increase in FT cycles
among the three future periods. Relative to the early century period, there is a smaller
increase in precipitation quantity and greater increase in intensity and frequency of extreme
events. Together these generate more surface runoff and less base flow, so the increase in
streamflow during the middle century period is similar to that in the early century period
which has lower NO3-N loading. More frequent FT cycles decreased NO3-N loss in this
study based a correlation between the two variables even though current literatures show
unclear theories about the influence of FT cycles on NO3-N loading (Germaine and Henry,
2008). Seasonally, summer nitrate loading change percentage in the early century period is
higher than that in winter under the three SRES scenarios, and the middle century summer
percent change is similar to that of winter, and the late century summer percent change is
lower than that in winter for each SRES scenario (Figure 4.9).
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4.4.5

Discussion

In this study, there is assumed to be no difference in fertilizer application
management between the future and base periods, which means changes in nutrient losses
are derived from climate change impacts. In the two study watersheds, precipitation change,
specifically the projected increase in extreme storm event intensity and frequency plays the
dominant role in influencing TP loss throughout the three future periods. With the projected
increase of air temperature, the rate of residue decay and mineralization is accelerated thus
increasing the availability of soluble P in both summer and winter. For the Green Lake
watershed, precipitation pattern change plays the critical role in influencing TP loss,
together with the influence of higher air temperatures which affect this number of FT cycles.
However, the influence of air temperature through FT cycles change is greater in the early
and middle century periods for both A2 and B1 scenarios and lower for the A1B scenario.
For the Walworth watershed, TP increases throughout the study period under the three
SRES scenarios from the combined influence of changes to air temperature and
precipitation. TP loss increased the most due to increases in extreme storm events and FT
cycles. Even though air temperature is a contributor to change throughout the three future
periods, it is not the dominant influencing factor. Losses of TP in the middle century period
are not the highest despite the greatest increase in FT cycles, while TP loss increases the
most in the late century period while changes to FT cycles are similar to those in the early
century period.
NO3-N loading of streamflow in the Green Lake watershed increases the most in
the middle century period and least in the early century period under all three SRES
scenarios. This trend is correlated with changes in precipitation quantity and patterns
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consistent with intensity and frequency of extreme storm events. The influence of
precipitation pattern changes on NO3-N loading increase gradually from the early century
period to the middle century period, where it reaches a peak in the three future periods.
Precipitation quantity influence exists over the study periods with stronger influences in
the early and late century periods. Hence, conservation measures should be focused on
diminishing the impacts of increased precipitation quantities and changed precipitation
patterns, in order to reduce NO3-N loading under climate change scenarios. NO3-N loading
of streamflow in the Walworth watershed for the three SRES has a strong correlation with
precipitation changes in both quantity and patterns over the three future periods.
Precipitation quantity has its strongest influence in the middle century periods as more
surface runoff was generated from extreme storm events with less base flow production.
Therefore, the NO3-N loading has its smallest increases in the middle century period.
Precipitation patterns influence NO3-N loading most strongly in the early century period.
Conservation management practices aimed to reduce NO3-N loading should be focused on
reducing the impacts of precipitation patterns in the early and late century periods, and
extreme storm events in the middle century period.

4.4.6

Uncertainties

In this study, future field management decisions, such as the number of days for
cropping and harvesting, the choice of tillage management and crop rotations, are kept the
same as with the base (historical) period to make it easier to identify climate change
impacts on nutrient losses. However, uncertainties exist in future field management,
fertilizer application, and model development.
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Field managements are adjusted according to a series of influencing factors, such
as the possibility of developing new plant cultivars. This is not something that the climate
model results can be used to predict and so assumptions must be made. Possible changes
in management can also contribute to nutrient losses. Earlier planting dates provide crop
cover during the spring when the climate projections indicated an increase in rainfall.
Using the historical planting dates leaves fields unprotected from runoff by crop canopy
cover (O’Neal et al., 2005). Future nutrient losses will also experience changes due to the
application of best management practices such as no-till management, and vegetative
buffer strips. Future planting dates for maize depend on the relative yields from short
season vs. medium season varieties, which lead in many regions to a later optimal planting
date for corn because of the regular increases in yields for the medium season varieties.
Predicted optimum soybean yield changes are cultivar dependent, with late- and midmaturing varieties producing large yield increases in some areas. In addition, the
application of fertilizer management may be different between theory and reality as
scientists are neither policy makers nor field managers due to the problem definition and
modeler interpretation in the crop growth process. Economic factors may also introduce
new cash crops into field management. Uncertainties also exist in the model development,
as it is possible that simulation of nutrient loss will be more close to the reality through
improvement with experiments. For example, the variability of soil texture, and soil
moisture within a hill slope could be taken into consideration in nutrient loss estimation.
In addition, spatial distribution of nutrient loss could be shown in the format of a map with
the involvement of channel routines at the scale of small watershed.
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4.5 Conclusions
Streamflow, total phosphorus loadings, and NO3-N loadings were simulated and
analyzed under the A2, A1B, and B1 scenarios for the Green Lake and Walworth
watersheds for three future periods in the 21st century with projected future climate data
from two GCMs.
For the Green Lake watershed, annual streamflow is projected to increase under all
three scenarios and all three future periods with the highest increase in the late century
period due to increased precipitation quantity, intensity, frequency, and an increase in the
number of freeze and thaw cycles. Annual TP loadings increase over the three future
periods and three climate scenarios from 19.53% to 53.91%. The A2 scenario has the
greatest percentage increase of streamflow in the late century period, which is also the
period with the highest percent increase in TP. In the early and middle century periods, TP
loss is influenced by the combined effects of precipitation and air temperature with
dominant impacts from precipitation and little change from FT cycles in the two periods.
In late century period, TP loading is greatest along with streamflow increases. This period
also experiences the greatest percentage increase in the intensity and frequency of extreme
storm events in the three future periods. TP changes are similar in the B1 scenario. Under
the A1B scenario, TP loading has a lower percentage increase than under the A2 scenario,
but it corresponds to similar changes in streamflow over the three future periods, therefore,
precipitation change plays a major role in influencing TP loadings throughout the three
future periods. Nitrate loading of streamflow will increase over three future periods by 1.06%
to 38.12% with the lowest percent increase under the A1B scenario in the late century
period and highest increase under the A1B scenario in the middle century period.
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Seasonally, summer nitrate losses under the three future climate scenarios will increase
mainly due to changes in precipitation intensity and frequency, while an increase in winter
nitrate losses is related to increases in both air temperature and precipitation which make
streamflow and nitrate available for the process of nitrate loss.
For the Walworth watershed, annual streamflow will increase throughout the three
future periods for the three climate scenarios with the highest increase percentage by 44.74%
and 33.66% in the middle century period under the A2 scenario and late century period
under the A1B scenario, respectively. These related to precipitation increases of 8.41% and
2.57%. Annual TP losses will increase over the early and middle century periods under the
three climate scenarios with the highest increase from 31.08% to 108.90% under the A2
scenario as a combined result of increased streamflow and a greater number of cycles of
freeze and thaw. In the late century period, TP loading increases by 108.90% under the A2
scenario and by 105.94% under the B1 scenario due to the dominant influence of increased
precipitation intensity and frequency. Both precipitation quantity and air temperature have
an impact on TP losses over the early and middle century periods under the three SRES
scenarios, while seasonal analysis indicates air temperature plays the dominant role as the
percent change in winter is higher than that in summer. For the late century period, TP
increases as a result of increases in both precipitation quantity and extreme precipitation
intensity and frequency. Nitrate loading of streamflow will increase over the three future
periods by 8.03% - 95.35% with the highest increase under the A1B scenario in the early
century period and lowest increase under the B1 scenario in the middle century period.
Precipitation plays the primary role in influencing NO3-N loss in the early century period
with higher percentage changes in precipitation quantity. In the middle century period,
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NO3-N loading is influenced mainly by increases in extreme storm events in intensity and
frequency. In the late century period, NO3-N loss increased due to the combined effects
from precipitation quantity and extreme storm events.
In this study, field management and fertilizer application were kept the same in
future TP prediction process as those in the historical period for identifying the climate
change impacts on TP loss. Statistical methods were applied in the hill slopes during the
process of TP simulation with the WEPP-WQ model. Possible changes in field
management should be considered in the simulation process and a more developed WEPPWQ model which includes in channel routines should be utilized for a more realistic
simulation in future studies.
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CHAPTER 5. SUMMARY AND CONCLUSIONS

5.1 Summary of objectives
The Great Lakes region suffers from water quality degradation led by nonpoint
source pollutants from agricultural fields. It is critically important to clarify future climate
change impacts on nonpoint source pollutants under climate change scenarios for
developing strategies to diminish sediment and nutrient losses. Many current studies focus
on analysis of current water quality issues in the region, while ignoring the impact of
climate change on future nutrient losses. How climate change impacts the effectiveness of
current Best Management Practices (BMPs) is also of great concern, but tools to effectively
evaluate them under future climate conditions are not readily available. This dissertation
addresses the problem of studying climate change impacts on nonpoint sources pollutants
in the Great Lakes region and developing a tool for BMP evaluation and selection.

Objective 1. Studied climate change impacts on soil erosion
The first objective was to study the climate change impacts on soil erosion. A macro
scale soil erosion model VIC-WEPP model was utilized in the Great Lakes region to clarify
the impacts of precipitation amount, intensity, and air temperature changes on soil erosion
temporarily and spatially. Model inputs including climate forcing, soil, hill slope, and land
cover were prepared from the literature and existing databases of VIC model parameters

154
(Mao and Cherkauer, 2009; Sinha et al., 2009). The model was calibrated and validated
for runoff and sediment loss with observed data, with calibration parameters taken from
the application of Mao and Cherkauer (2009) to the same study area. A statistical analysis
was conducted to evaluate model performance, which determined that hydrology and
sediment calibration was acceptable. In addition, the setting of soil erodibility adjustments
together with critical shear stress for WEPP-HE model were evaluated on two point sites
by comparing model simulated soil loss against simulated values from the full WEPP
model which are regarded as observed datasets in this study due to the absence of real
observed soil loss data at the large scale.
Three GCMs and three climate change scenarios were selected, and four time
periods were defined to provide a historical period, and three future climate periods for
early century, middle century, and late century. The VIC-WEPP model was applied at a
point scale first to quantify soil loss changes corresponding to future projections of
increases in precipitation amount and intensity, and air temperature. After that, it was
utilized across a three state region: Minnesota, Wisconsin, and Michigan to study the
climate change impacts on soil loss by the end of 21st century in the Great Lakes region.
Impacts were studied temporally and spatially by defining eight possible categories of
precipitation, runoff, and soil loss change.

Objective 2. Developed WEPP-WQ model with single OFE
The second objective of this study was to develop a model that can physically
describe the processes affecting nutrient losses from a hillslope, so that the model can be
used for future studies of climate change impacts. The WEPP model is a process-based soil
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erosion model, and was modified to include the simulation of water quality through the
addition of the water quality module from SWAT, which is widely used for nutrient
simulations. The new coupled model is now referred to as the WEPP-WQ model. The
process of nitrogen and phosphorus transportation with surface runoff, infiltration with
percolated water into soil profiles, and transformation processes from different pools in
every soil layer were added into the WEPP model. The WEPP model provides surface
runoff, infiltrated water from each soil layers, and lateral flow/tile drainage to the water
quality module. The water quality module provides nutrient stresses to the WEPP model
for estimating the biomass and nutrient uptake. The WEPP-WQ model can now simulate
the process of nutrient loss from hillslopes. The datasets (2012 version) of fertilizer,
pesticides, and crops from the SWAT model were also added into the WEPP-WQ model
for simulating nutrient uptake and fertilizer application. The soil initial chemical conditions,
and fertilizer management inputs were added and designed for the model to describe the
nitrogen and phosphorus content in soil layers and specific fertilizer application
managements.
The model was tested with three observed datasets to evaluate its simulation
performance for nitrogen and phosphorus loss in a simulated storm event, and for a time
series of natural rainfall events. The two simulated storm datasets were obtained for sites
in Indiana (TPAC and Waterloo) from USDA-ARS field experiment studies. The model
simulated nitrogen and phosphorus were compared with observations and acceptable
statistical results indicated that the WEPP-WQ model was reliable in estimating nutrient
losses. The other dataset from USDA-ARS in Tifton, GA with loamy sand and sandy loam
soils was used to test the nutrient loss estimation under a more natural and continuous
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scenario. The time series comparison between observed and simulated nitrogen and
phosphorus losses indicated good performance of the WEPP-WQ model.

Objective 3. Clarified climate change impacts on nutrient losses of the two small
watersheds in the Great Lakes region
The third objective for this study was to apply the WEPP-WQ model to watersheds
within the Great Lakes region and quantify the impacts of projected future climate on
nutrient losses. The WEPP-WQ model was applied to a small field sub-watershed of the
St. Joseph river basin in northeast Indiana to evaluate the model performance in estimating
streamflow and TP at a small watershed scale. Comparison between observation and
simulation in streamflow and TP was conducted and statistical results met the criteria. Two
watersheds (Green Lake watershed and Walworth watershed) within the Great Lakes
region in Wisconsin were selected based on the availability of observational datasets for
streamflow and TP. A stratified method was applied in selecting the representative hill
slopes and land covers within the two watersheds. The model was calibrated with observed
streamflow and TP. Model parameters for nitrate-nitrogen were taken from Chapter 3.
Historical climate datasets were downloaded from NCDC. For future climate datasets, two
GCMs (GFDL and HadCM3) and three SRES scenarios (A2, A1B, and B1) were selected.
Land management, land cover, and soil types were kept the same between historical and
future periods. Differences between historical and future periods in precipitation quantity,
intensity and frequency of extreme storm events, FT cycles, NO3-N loadings, and TP losses.
Analysis of these differences were conducted at both annual and seasonal time steps.
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5.2 Conclusions
Based on the research presented in this dissertation, the following conclusions and
contributions to society and science are drawn:
From Objective 1, the study of climate change impacts on soil erosion in the Great Lakes
region:
(1) For the point site at Waseca, MN, annual precipitation will increase from 2.08%
to 8.59%, runoff will change from -6.41% to 0.41%, and soil loss will correspondingly
change from -4.91% to 47.5%. Soil loss of this site will increase consistently by the end of
21st century as a result of increases in both precipitation amount and intensity under the
A1B scenario and has its highest increase in the middle century with the A2 scenario.
Precipitation intensity over the three periods will increase for both the A2 and A1B
scenarios and decrease for the B1 scenario. The proportion of soil loss generated by
extreme storm events will increase by over 60% in the middle century period. Soil loss
increases from January to April with the greatest increase in March as a result of elevated
precipitation under both the A2 and A1B scenarios.
(2) In the Great Lakes region, annual precipitation will increase by 1.74 to
63.7 mm/yr under all future climate scenarios and future periods except the early century
period of the B1 scenario. Projected air temperature will increase consistently by 0.68 to
4.34 oC, Runoff will decrease by 0.003% to 7.04% and soil loss will decrease significantly
by 4.99% to 23.2% by the end of the 21st century. Annual soil loss decreases were mainly
due to precipitation decreases and air temperature increases. Spatially, the northern study
domain that is covered by forest and a large portion of Minnesota and Michigan covered
with crops and grassland will have increased soil loss due to changes in precipitation
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amount and intensity in the early century period, and precipitation amount alone in the
middle and late century periods under the A2 scenario.
(3) Seasonally, both fall and winter will experience increased soil loss by 0.01 to
0.5 t/ha in the study domain as a result of increased precipitation amount under both the
A2 and A1B scenarios, and diminished soil loss by 0.5 to 2.0 t/ha as precipitation reduction
together with air temperature increases in spring and summer under the two SRES
scenarios. The B1 scenario has soil loss decreased in both the summer and fall by 0.1 to
0.9 t/ha due to precipitation decreases over the three future periods and it also has soil loss
increased in the spring and winter throughout the three future periods except for early
century springs as a result of precipitation increase.
Development of WEPP-WQ model with single OFE.
(1) Development of the WEPP-WQ model with single OFE (overland flow element)
was completed based on Dr. Savabi’s work (Savabi et al., 2010). The new WEPP-WQ
model now uses water quality algorithms from SWAT version 2012 instead of the original
SWAT 2002 algorithms. Files of fertilizer application management, soil chemical content,
crop transfer, and databases of default parameters for fertilizers, crops, and pesticides have
all been added. Finally, aspects of the coupled WEPP-WQ code have been tested with
available observational datasets.
(2) WEPP-WQ model performance in simulating N/P losses for single storm events
passed statistical criteria with acceptable comparison results between the model simulated
and experimental measured nutrient (nitrate loading, total nitrogen, soluble phosphorus,
and total phosphorus) datasets. For nutrient loss simulation for time series natural events,
the WEPP-WQ model simulated nitrogen loading of surface runoff was compared with
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observation, the statistical results met the selected criteria and analysis and it was
theoretically reliable in soluble and total phosphorus simulations.
Impacts of climate change on nutrient loss of two small watersheds in the Great Lakes
region
(1) In the Green Lake watershed, precipitation will increase consistently by 21% to
54% throughout the defined future study periods and all three future climate scenarios with
the highest increase in the late century period. Intensity of extreme storm events will
increase until the end of 21st century by 4.21 to 22.77%, and frequency of extreme storm
events will increase by 5.26 to 26.32%. Air temperature will increase gradually by 0.20 to
4.16 oC with the highest increase under the A2 scenario for each future period. Cycles of
freeze and thaw will increase under the A2 scenario from 3.74% to 8.84% and decrease
under the A1B scenario from 32.55% to 49.45%. In the Walworth watershed, precipitation
increases gradually together with air temperature throughout the three future periods, by
43.10% and 4.16 oC at most, and 0.14% and 0.20 oC at least. The intensity of extreme storm
events will increase by 3.56% to 21.17 % and frequency of extreme storm events will
increase by 4.74% to 21.05% by the end of 21st century.
(2) In the Green lake watershed, TP will increase by 23.70% to 53.91% with the
highest increase in the middle century and the lowest increase in the late century period. In
early and middle century periods, TP loss was influenced by the combined effects of
precipitation and air temperature, and the effects were dominated by precipitation. In the
late century period, TP loading increases as a result of precipitation change in extreme
storm events. In the Walworth watershed, TP will increase by 27.23% to 108.90% over
three future periods. In the early and middle century period, increases in precipitation
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quantity and air temperature are the main reasons for TP loss increases, and in the late
century period, TP loss increases are mainly caused by the precipitation quantity and
extreme storm events in intensity and frequency.
(3) For the Green lake watershed, annual NO3-N loading of streamflow will increase
over the three future periods by 1.06% to 38.12% with the highest increase in the middle
century period under the A1B scenario. In the middle century period, NO3-N loading
increase was mainly caused by the increase of extreme storm events intensity. In the early
and late century period, both the precipitation quantity and extreme storm event intensity
and frequency together lead to the NO3-N increases. In the Walworth watershed, the annual
NO3-N loading increases by 8.03% to 95.35% with the greatest increase under the A1B
scenario in the early century period. In the early century period, NO3-N loading will
increase as a result of the increase in precipitation quantity; in the middle century period,
increases in extreme precipitation intensity and frequency are the main reasons for NO3-N
loading increase; in the late century period the combined effects of precipitation quantity
and extreme storm events cause the increase in NO3-N loss.

5.3 Recommendations for further research
The research conducted in this thesis has reached some useful results and
conclusions on climate change impacts on water quality in Great lakes region and the
development of WEPP-WQ model. However, it has also uncovered many areas that need
further investigation.
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5.3.1

Model development of WEPP-WQ with multiple OFEs

Agricultural pesticides are another nonpoint source pollutant contributing to water
contamination and destruction of the ecological balance of the Great Lakes. Simulation of
pesticide losses from hill slopes could help in the development of effective BMPs. The
pesticide routines from the SWAT version 2002 have been added into the WEPP-WQ
model. These will need to be updated from version 2002 to those in SWAT version 2012.
Observed datasets of pesticide loss from plots will also be needed to evaluate the model’s
performance in pesticide simulation. Literature review will be extremely important for
obtaining observed datasets, particularly papers from the perspective of vegetative
filtrating strips as suggested by Dr. Flanagan. The current version of the WEPP-WQ model
with a single OFE is a hill slope version which can represent the basic process of nitrogen
and phosphorus transportation. It is a base for the development of the WEPP-WQ model
with multiple OFEs. The limitation of WEPP-WQ model with single OFEs is that it cannot
represent different conditions along the hillslope, including the simulation of BMP
practices such as strip cropping and vegetative buffer strips that could be effective at
reducing sediment and nutrient losses from hillslopes. The boundary conditions between
various OFEs on the hill slope should be considered in the simulation process of nitrogen
and phosphorus transportation by the WEPP-WQ model with multiple OFEs. As the WEPP
model with multiple OFEs has been completed and tested with hydrologic and soil erosion
simulations, attention should be focused on the analysis the nitrogen and phosphorus
transport. The WEPP-WQ model with multiple OFEs could represent different soil
hydrological conditions, soil types on different positions of hill slope into consideration,
therefore, it could simulate nutrient loss of one hillslope under various land management.
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To reduce nutrient loss from a watershed, it is critical to work out effective BMPs
for hillslopes with high risks of nutrient losses, due to the large proportion of nutrient loss
that comes from several hillslopes. Besides, it could helpful in developing new BMPs or
figure out the combination of BMPs with the highest efficiency, as the current BMPs are
not always effective for nonpoint source pollutants particularly under future climate change
scenarios. For example, no-till management is a type of non-structural field management
used in soil and nutrient loss reduction through increasing the water infiltration and
decreasing surface runoff transport capacity. However, it has been found that it can
contribute to increases to the nitrogen and phosphorus concentration of tile drainage.
Therefore, no-till management is not always an effective method in nutrient reduction.

5.3.2

Model development of WEPP-WQ of Watershed version

To effectively reduce the nutrient loss from high risk hillslopes does not mean the
nutrient loss could be reduced significantly from a watershed, as the nutrient loss also
happens in the channel transport process. Therefore, it is uncertain that the WEPP-WQ
model with multiple OFEs would contribute to watershed nutrient reduction particularly
for watersheds with channel dominated nutrient losses. A version of the WEPP model has
been developed for watershed applications by adding modules for the involvement of
channels and impoundments and also includes the hydrological and soil erosion processes
during the channel routing process. Routines describing the channel processes associated
with nitrogen, phosphorus, and pesticide transport are needed to fully bring the WEPP-WQ
model to the watershed scale. In addition, the impoundments are another essential part of
the landscape nutrient transport process that must also be integrated into the simulation of
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nutrient losses from a watershed. The observed dataset used to test the watershed version
of WEPP-WQ model should be obtained from literature reviews and by obtaining channel
water quality observations from the USGS and other organizations.

The USGS in

particular has been collecting observed water quality dataset including mineral nitrogen
loading, and total phosphorus that are often available at daily time scales for several years
for small watersheds. A watershed version of the WEPP-WQ model enables BMPs
effectiveness to be evaluated for a specific watershed in a distributed way. The severe areas
of nutrient loss in a watershed may vary in location due to management, soil, and climate
variability, therefore, the nitrogen and phosphorus estimation in a distributed way could be
valuable in selecting BMPs for the watershed, particularly in the future one hundred years
under various climate change scenarios.
In the Great Lakes region which has suffered from water quality degradation due
to eutrophication led by agricultural nutrient losses, it is critically important to work out a
strategy for nutrient losses diminishment under climate change impacts in the future.
Widely used BMPs like vegetative filter strips, no-till field managements may be less
effective in nitrogen and phosphorus reduction from agricultural fields because the nutrient
loading from surface runoff is decreased while the tile drainage and base flow are increased
correspondingly. Therefore, new BMPs are needed to be developed for watersheds in this
area, and a watershed version of the WEPP-WQ model could be a suitable tool in nutrient
estimation and evaluation of BMP effectiveness.
The WEPP-WQ model, once upgraded into a watershed version, is still limited to
smaller watersheds due to its focus on the physical processes at the hillslope scale which
make it computationally expensive to run for very large watersheds. Therefore, it cannot
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be applied at large scales like the VIC-WEPP model for simulations in the Great Lakes
region. The routing model should be added to VIC-WEPP model if the distributed soil
erosion within a grid cell was expected to be estimated, and also the water quality modules
are required by VIC-WEPP model if the macro-scale nutrient loss are expected to be
simulated, and hot spots to be shown.
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